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Abstract 

This study was undertaken at an irrigated site 15km 
north of Taber, Alberta. The study site comprises a hummocky 
plain, underlain by laterally and vertically variable 
Laurentide glacial, fluvioglacial, fluvial and lacustrine 
deposits which disconformably overlie Cretaceous sedimentary 
bedrock at depths of forty to fifty meters. The generalized 
sequence of deposits from the surface to bedrock is surface 
sand, fractured oxidized till, buried outwash sand, massive 
non-oxidized till, Saskatchewan sands and gravels and 
bedrock. 

The extensive network of piezometers and water table 
monitoring wells across the study site shows that the water 
table is generally shallow, being between 2 and 5 meters 
beneath ground surface although locally it reaches depths of 
13 to 14 meters. Groundwater flow is dominantly vertically 
downward. Lateral flow occurs in places through sand and 
gravel lenses in the tills and in the surface sands and 
Saskatchewan sands and gravels. 

5:1 aqueous extracts obtained from bulk samples of 
surface sand and oxidized till show that the till contains 
much higher concentrations of water soluble salts than the 
surface sands. An extract from a buried sand sample is 
generally comparible with till extracts. 

Results of analyses for three groundwater sample sets 
are presented. Field and laboratory analysis results are 


processed using WATEQF, a computer program which gives the 
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egqulibrium speciation for each sample under the temperature 
and pH conditions existing in the field. 

Groundwater samples from piezometer nests 1811 and 1818 
have much lower concentrations of major ion species than 
samples from elsewhere in the study site. No reasons for 
this can be identified. 

Shallow groundwater samples from just beneath the water 
table often have very high ionic concentrations (e.g. 
TDS=tieoU0ma/L)melhiSeys aeresultsof a) combination of 
processes in the unsaturated zone including carbon dioxide 
production and dissolution, pyrite oxidation, dissolution of 
carbonates and sulphates, and water losses by evaporation 
and evapotranspiration. 

Concentrations of major ion species in the groundwater 
vary through the profile. Sodium and sulphate are usually 
the dominant ions. No definite pattern exists of changes in 
groundwater chemistry through the different overburden 
units. The chemistry changes observed represent the end 
result of a combination of modifying processes. Since the 
relative magnitude of processes and effects are unknown, it 
is impossible to define the processes which lead to the 
observed complex response in groundwater chemistry. 

Cation exchange occurs in the smectite rich 
non-oxidized till but is restricted by rapid fracture flow 
velocities in the oxidized till. Denitrification in the 
tills acts as an adequate decontamination mechanism to 


prevent high nitrate-nitrogen concentrations from 
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agricultural or geologic sources from reaching the Oldman 
River. High nitrate-nitrogen concentrations in the buried 
sand deposits may pose future problems. Further research 

would be necessary in order to investigate this aspect of 


the groundwater chemistry. 


Preface 

The site at which this study was undertaken was chosen 
by Alberta Agriculture in 1978 to provide insight into a 
flow system which would contrast with a study Alberta 
Agriculture were undertaking at the time in the Bow River 
Irrigation District, (BRID). The investigation in the BRID 
also considered a flow system and the quality of return flow 
water in overburden deposits, although at that site lateral 
flow formed the major component of the groundwater flow 
system and the return flow entered the Bow River. In 
contrast, in this study flow was dominantly vertically 
downward. Also, the BRID site had been irrigated over a much 
longer time span than the site investigated in this thesis. 

Groundwater monitoring instrumentation, consisting of a 
network of pliezometers and water table wells was installed 
at the study site which is investigated here, between June 
1978 and the summer of 1980 when this study was undertaken. 
During that period groundwater elevations in water table 
observation wells and piezometers were monitored monthly by 
the Drainage Branch of Alberta Agriculture. This enabled 
construction of a comprehensive model of the groundwater 
flow system beneath the site. 

Pollution of rivers by saline return flows from 
irrigation practices is a well documented problem in 
southern Alberta. The study site considered here may not be 
indicative of the situation throughout southern Alberta, 


however it is hoped that this study will add to the 
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knowledge of processes contributing to southern Alberta's 


Salinity problems. 
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1. Introduction 


This thesis is half of a two part study undertaken at 
an irrigated site in south central Alberta during the Summer 
andeFalleote1980. G. Burnett of they University of British 
Columbia performed the other part of the study which he 
presented as his Masters Thesis (Burnett, 1981). The two 
Studies are being compiled into a single report by the 
Drainage Branch of Alberta Agriculture. | 

The objectives of this study were threefold; 

1. To determine the quality of groundwater and the 
variations in quality beneath the study site 

2. To develop a hydrochemical evolution model which 
could account for the observed changes in groundwater 
chemical quality as it passes through the overburden 
deposits, 

3. To use groundwater flow data from the Taber 
Irrigation District (TID) Return Flow Study Report (Alberta 
Agriculture, 1981) in conjunction with the groundwater 
quality data collected here to assess the present and future 
effects of irrigation return flow on the quality of the 
Oldman River. 

The study is confined to the saturated zone within the 
overburden deposits. Extraction of water samples from the 
unsaturated zone is difficult and was not attempted. Also, 


only limited hydraulic connection exists between the 
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overburden deposits and the bedrock so that only flow within 


the overburden deposits is considered here. 


7 2 


in ak aa ‘6 o_o 
| a] - nr ine rie * 
ce 7h 


M i: 7 


2. Physiography, Overburden Deposits, and Hydrogeology 


The study site is located 15km north of Taber and 60km 
east of Lethbridge (figure 1), and encompasses approximately 
34km?, it iS bounded on the west and north sides by the 
Oldman River. Highway 36 forms the east boundary to the site 
while the south boundary is defined by the line separating 
Sec uVonSm cmancm| 9 Mul jmancier Oye ances Geandecn ran Clon iin 
Roe ove 

This south-central region of Alberta experiences a 
semi-arid climate with approximately 360mm mean annual 
precipitation (Hydrological Atlas of Canada) with most of 
this precipitation falling between April and September. Snow 
often covers the area during the winter and redistribution 
by wind leads to uneven snow cover, variable freezing depths 
and spatially non-uniform recharge on thawing. Intermittent 
rapid thawing occurs during the winter as a result of 
Chinook activity. At these times evaporation rates are high 
and runoff is rapid so that the resulting recharge to the 
water table can sometimes be insignificant. 

Temperatures in the area are often extreme with an 
annual range from maximum to minimum temperature in the 
order of 75 degrees celsius. High summer temperatures and 
the windiness of the region result in high 
evapotranspiration rates. This, coupled with the aridity of 


the area, has necessitated the development of extensive 
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irrigation networks in order to increase crop yields over 


those obtained by former dryland farming. 


2aiesorls 

The soils of the study area are classified as Orthic 
Brown Chernozems being predominantly the sandy loams and 
loamy sands of the Cavendish group (Bowser et al., 1963). 
These soils are developed from the underlying glacial and 
fFluvioglacial deposits and are weakly to moderately 
calcareous in the lower horizons. They allow rapid 
infiltration and have medium to high permeabilities 
accompanied by a low water holding capacity due to their 
relatively low organic content and high percentage of sands, 
although they are fairly well suited to crop growth when 
irrigated. Drainage is a potential problem since till 
underlies the Cavendish Group soils at an average depth of 
1.5m, and the upper surface of the till deposit forms a 
semi-permeable boundary to vertical water movement because 
of the till's relatively low hydraulic conductivity. This 
sometimes leads to water-logging and lateral movement of 
water downslope at or above the contact between the soil and 
the underlying till (Bowser et al., 1963), hence, good 
irrigation management is necessary to avoid drainage 


probiems. 
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FIGURE 1 
Location of Study Site 
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2.2 Topography 

The topography of the field area is hummocky due to the 
underlying glacially derived deposits and wind blown sands. 
A topographic contour map of the area is shown in figure 2. 
Some of the depressions contain standing water since the 
water table 1S generally shallow and at times intersects the 
ground surface. The major relief in the area is governed by 
the Oldman River valley which has dissected the overburden 
deposits to a depth of approximately 40m, following the 
probable course of the preglacial Oldman valley as suggested 
by Farvolden (1963). The outside of the bend is a steep bank 
cut by the river, however the inside bank has a more 
moderate slope with some terrace development and lag gravel 
deposits which include large boulders. Steep sided coulees 
have been developed by intermittent stream activity along 


bothybankSeot the Oldman river. 


2.3 Land Use 

Land use in the field area is illustrated in figure 3 
and falls into two categories: 

1. The irrigated areas which are used intensively for 
agriculture and comprise approximately 65% of the total 
area. Pivot and sideroll sprinklers are used to produce 
wheat, barley, corn, potatoes, carrots, onions, and sugar 


beets. 
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2. The unirrigated area which remains as natural 


grassland and is used for grazing beef cattle. 


2.4 Overburden Deposits 

The field area is underlain by glacially and fluvially 
derived deposits to a depth of 40-50m. Beneath these 
overburden deposits bedrock comprises the Upper Cretaceous 
Foremost Formation, a brackish water sequence of shales, 
lenticular sandstones and coal seams (Tokarsky,1974). The 
contact between bedrock and the overburden deposits is 
slightly undulating. Since this study is concerned with 
groundwater quality predominantly within the overburden 
deposits, the bedrock geology of the area will not be 
considered further. More detailed bedrock geology 
descriptions may be found in Nielsen (1971). 

Extensive drilling by the Drainage Branch of Alberta 
Agriculture, Lethbridge, during the installation of 
piezometers and water table monitoring wells across the 
study site has provided a detailed geological picture of the 
overburden deposits. A plan view map of the overburden 
deposits and three generalized cross sections are shown in 
figures 4 to 7. The locations of these cross-sections are 
given in figure 3. Detailed borehole logs compiled during 
drilling of pilot holes in 1978, are presented in the 
Appendix. The overburden deposits beneath the study site 


were seen, during drilling in the summer of 1980, to be 
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highly variable laterally as well as vertically. For 
example, at site 1813 one borehole was drilled which 
revealed 5 meters of surface sands however, another borehole 
3 meters away on the surface revealed till at the surface. 
Such lateral variations in thickness of overburden geologic 
units was also found at depth within the deposits. Some 
inconsistency may therefore be found between generalized 
cross-sections and the detailed borehole logs presented in 
the Appendix. Where the observations made during the drill 
program of 1980 are inconsistent with the results recorded 
in 1978 (Appendix), the units and unit thicknesses observed 
by the writer during the 1980 program are used. This is 
especially evident in the discussion where generalized 
profiles beneath each piezometer nest are presented with the 
water quality results from each site. The generalized cross 
sections are, however, felt to adequately represent the 
variations in geologic unit for the purpose of this study. 
Much more intensive drilling would be necessary to define 
the variations in unit thickness occurring beneath the study 


site in greater detail. 


2.4.1 Saskatchewan Sands and Gravels 

At the base of the overburden deposits the preglacial 
Saskatchewan sands and gravels disconformably overlie 
bedrock. These sands and gravels were deposited by fluvial 
activity within the broad easterly trending preglacial 


Lethbridge valley (Geiger, 1965) which lies directly beneath 
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the study site. The Saskatchewan sands and gravels comprise 
chiefly quartzites, hard sandstone and Crowsnest volcanics 
(Stalker 1962). Clasts are subangular to well-rounded 
although the majority are sub- to well-rounded. Clast size 
ranges from 3cm to 15cm and the matrix comprises medium to 
coarse sand. The ratio of sand to gravel varies through the 
deposit and was probably controlled by fluctuating fluvial 
regime at the time of deposition. Secondary carbonate 
cementation and iron-oxide staining are evident close to the 


upper and lower contacts of the deposit. 


AeA 2e tills 

A number of Pleistocene Laurentide glacial advances 
from the northeast buried southern Alberta's preglacial 
topography beneath a complex sheet of glacial deposits 
including tills, proglacial lake sequences of both 
lacustrine and deltaic origin, and moraine complexes. The 
number of Laurentide advances into the area seems to be a 
point of controversy. Stalker (1962) positively identifies 
three tills but advocates as many as five advances into the 
area by distinguishing five possible tills at a section just 
west of the study area on the west bank of the Oldman river, 
(Tp.11, Rg.16, Sect.19, NW1/4). However, Horberg (1952), 
identifies only three tills at his "Driftwood Bend" section 
on the northern flank of the study area. 

The generalized cross-sections for the field area 


(figures 5 to 7) illustrate that it was not possible to 
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distinguish the tills encountered during drilling to the 
Same degree as Stalker or Horberg. Although there are two 
tills shown in these cross-sections, the features by which 
they are differentiated may be the result of variable 
post-depositional alteration within a single till unit; 
alternatively, two or more till units may have been masked. 
The two tills shown in the cross-sections are considered 
here aS separate units since their distinguishing 
characteristics impart different hydrogeological properties 
which are of interest to this study, however, it must be 
emphasised that these are not necessarily two separate tills 
aCcCOLOING EO, OLNerSCOnVencionsS rom classiticaciron Offs glacial 
deposits. 

The lower till identified here is referred to as the 
non-oxidized till. It is a blue grey highly compacted till 
with texture varying from sandy clay loam to silty loam. 
Clasts are predominantly sandstones, quartzites and 
Precambrian Shield material, they are angular to subrounded 
and range in size from 0.5cm to 5cm. Locally derived coal 
fragments are very common throughout the till as are 
intermittent sand pockets and sand lenses. 

The upper or oxidized till shows the same textural and 
compositional characteristics as the lower non-oxidized 
till; however, it is distinguished by its colour and the 
occurrence of fractures. The oxidized till is brown to dark 
brown due to staining by oxides, eSpecilly in the vicinity 


of the fractures. Colourless crystals, possibly of gypsum, 
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are’found both along fractures and within the till matrix, 
these are abundant in the oxidized till and also’occur to a 
lesser extent in the matrix of the non-oxidized till. 

Two scales of fracturing were identified during the TID 
Return Flow Study (Alberta Agriculture, 1981), and are 
referred to as large and small scale fractures. The small 
scale fractures have a spacing of approximately icm and 
comprise three fracture sets which result in a nearly cubic 
form. The large scale fracturing is vertical, less regular 
Or distinctive and occurs intermittently to give the till a 


columnar appearance. 


2.4.3 Sand Deposits 

Sands and gravels are found within the tills, and often 
comprise minor discontinuous lenses ; however, a major 
buried sand lens is located beneath piezometer nests 1813 
and 1814 (figures 5 and 6). This is thought to represent a 
buried channel deposit which was found by site investigation 
to trend north-south beneath the study area and intersect 
with an east-west trending buried channel about 500 metres 
south of the site. 

In the north and west parts of the field area surface 
sands overlie the oxidized till. These sands were probably 
glacially derived from outwash but have subsequently been 
reworked by the wind, since they have highly uniform grain 
Size and contain very little silt. Dune shaped features can 


be distingushed on air photographs of the areas covered by 
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Surface sands. 

Surface sand pockets also occur at other localities 
across the field area and show abrupt contacts with the 
Surrounding till. These sands appear to fill depressions in 
the hummocky topography at the till surface and may be the 
result of wind action on post-glacial outwash deposits. 

A thin post-glacial loess layer covers much of site to 
a depth of 1 metre, however, in most cases where the land is 
worked for agriculture it has been incorporated into the 


soil by ploughing. 


2.5 Hydrogeologic Properties of Overburden Deposits 

Since this study is concerned with groundwater quality, 
it 1S important to establish the rates and directions in 
which water and solutes are transmitted through the 
overburden deposits. Modelling of the groundwater flow 
regime beneath the field area was included in the TID Return 
Flow Study (Alberta Agriculture, 1981). The following 
section is a summary of the results from the TID return flow 
study which are relevant to this study. 

Observations and records of water table elevations and 
piezometric head readings across the site enabled 
construction of a water table map (figure 8), and 
cross-sections (figures 9 to 11), which show equipotential 
lines and generalized flow directions for the study site. 


Single piezometer water level response tests were also 
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conducted to aid in determining hydraulic conductivities for 
the overburden deposits. Recharge to the water table was 
calculated as 10cm per year, which includes some irrigation 
water. 

The hydraulic conductivities from the TID Return Flow 
Study are given in table 1. The surface sands have the 
greatest mean conductivities (1.3x10°*cm/sec), while the 
mean hydraulic conductivity of the buried sand is an order 
of magnitude lower at 1.1x10° ‘cm/sec. The effect of the 
relatively high mean hydraulic conductivity of the buried 
and surface sands can be seen in figure 9. The buried sand 
lens beneath piezometer nest 1813 causes the flow lines to 
deflect toward it while the sands at the surface along the 
west side of the area drain water horizontally through them. 
Piezometer head measurements also indicate lateral flow from 
north to south within the buried sand lens beneath 
piezometer nests 1813 and 1814. Many of the sand lenses 
located during the drilling programme are laterally 
discontinuous, therefore, even though they are often 
Saturated these sand lenses will have very little effect 
with respect to lateral movement of water or solutes within 
the till body. 

The equipotential lines within the cross sections 
indicate predominantly vertical movement of water within the 
body of the tills, however rates of water movement vary. The 
upper non-oxidized till has a mean hydraulic conductivity of 


7.9x10-’cm/sec decreasing to 5.0x10°’cm/sec with depth, 
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TABLE 1 


Mean Hydraulic Conductivities from Single Well Response Tests 
Geometric Mean 


Unit Range (cm sec’) (cm sec7!) 
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probably as a result of increased compaction. The mean 
hyduawbircheonduGivity om the oxvdizedttillersean order of 
magnitude greater than this (7.1x10°‘cm/sec). Since the 
matrix of the two till types is essentially the same with 
respect to grain size and texture, the greater bulk 
hydraulic conductivity of the oxidized till is probably the 
result of secondary permeability imparted by the fractures. 
This is corroborated by observations during drilling and 
Sampling of overburden deposits, when films of water were 
seen along the fractures at points where the till matrix 
appeared only slightly moist. The hydraulic conductivities 
recorded here for the tills generally agree with those 
reported by Grisak et al. (1976) from a number of fractured 
till studies in the interior plains region of Canada and the 
United States. 

The Saskatchewan sands and gravels have a greater 
hydraulic conductivity than the tills above due to their 
larger grain size and hence higher porosities 
(6.5x10-*cm/sec), however, this only represents the result 
of one single well response test due to the difficulty in 
performing tests to the depths involved. Neilsen (1971) 
suggested that the hydraulic conductivity of the 
Saskatchewan sands and gravels may be highly variable since 
they are locally unsaturated. The hydraulic conductivity of 
the Saskatchewan sands and gravels is thought to be 
generally greater than that of the bedrock below, therefore 


the water movement within these deposits is shown to be 
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lateral and toward bedrock depressions and the Oldman River. 
This may be important in the central part of the area 
(figure 10), since there appears to be hydraulic connection 
between the Saskatchewan sands and gravels and the Oldman 
river. 

In summary the hydraulic conductivities of the 
overburden deposits beneath the field area vary through four 
orders of magnitude. Direction of water movement is 
predominantly vertical to subvertical, however some 
deviation from this pattern is observed within and close to 
the more permeable strata. 

Rates of groundwater movement through the overburden 
deposits depend not only on the hydraulic conductivity of 
the transmitting medium but also on the porosity and the 
existing hydraulic gradient within the unit. Average flow 
velocities can be calculated using the Darcy equation which 
states that the average groundwater flow velocity (v) is the 
product of the hydraulic conductivity (K) and the hydraulic 
gradient (dh/dl) divided by the effective porosity of the 
transmitting medium (n). Hence, the average groundwater 
velocity increases with increasing hydraulic conductivity 
and gradient and decreases with increasing porosity. 

Flow velocities calculated during the TID Return Flow 
Study (Alberta Agriculture, 1981) are presented in table 2. 
Porosities used in these calculations are taken from a 
similar study in the Bow River Irrigation District (BRID), 


(Hendry, 1981). The most rapid flow occurs within the 
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TABLESZ 


Calculation of Average Flow Velocities 


from the Dupuit-Forchheimer Assumption 


n 


V = 


i) Surface Sand 
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K fractures = 7.1 x 10. cm sec, 
K matrix = 5.9 x 10 cm sec 
dh/dl = 0.2 2 
n fractures = 2 x 10 
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v (vertical 4.75 x 10, ° m day) rey (SRED 107 m day_, 


v (horizontal) = 9.5 x 10 mday to 1.26 x 10. m day 


iv) Non-oxidized Till _, a 
K=5.9 x10 cmsec 
dh/dl = 1.4 
n = 0.25 to 0.4 
-3 1 
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fractures of the oxidized till because of the low porosity 
of the fractures. The surface sands have the second fastest 
flow velocities. The vertical flow through the buried sands 
is generally faster than the horizontal flow due to the 
Gifference in hydraulic gradient in the two directions. Flow 
is slightly faster through the matrix of the non-oxidized 
till than the oxidized till, due to the steeper hydraulic 


gradients in this part of the profile. 


2.6 Hydrochemical Properties of Overburden Deposits 

Since this study is concerned with the quality of the 
Shallow groundwater, it 1S necessary to try to predict how 
the overburden deposits may change the chemical 
characteristics of the groundwater passing through them. The 
hydrochemical properties of the sands and gravels are quite 
different from those of the till, so they will be examined 
separately. 

In a paper concerned with transport of radioactive 
contaminants through the groundwater system, Schwartz (1975) 
outlines two basic transport processes within groundwater: 
convection and dispersion. Convection is defined as chemical 
transportation as a dissolved phase by moving groundwater 
and it is assumed, at a first approximation, that the 
solutes travel in the same direction and at the same rate as 
the groundwater. The second physical transport process, 


dispersion, is known to accompany intergranular flow, hence 
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it is likely to occur in the sands and gravels beneath the 
field area. Dispersion is predominantly the result of 
mechanical mixing although some molecular diffusion may also 
take place, and this enables solutes to spread out, 

"beyond the region that they are expected to occupy 
according to the average groundwater velocity." (Grisak et 
ale p76 i 

In this way dispersion is not just a physical transport 
process but also an attenuation mechanism. Dispersion occurs 
where the velocity of the contaminant front is greater or 
less than that of the convective front due to solute 
movement following longer or shorter flow paths (Schwartz, 
1975)% 

The Saskatchewan sands and gravels and the outwash 
sands beneath the field area are expected to form the 
comparatively inert part of the groundwater flow system with 
respect to their effects on groundwater quality. Most of the 
clasts are composed of quartzite and quartzitic sandstones 
which are relatively inert under the conditions existing 
here. 

The Saskatchewan sands and gravels and the outwash 
sands comprise clasts of fairly uniform grain size and 
contain very little clay size material, hence they are not 
expected to be the site of ion exchange reactions. Secondary 
cementation by calcium carbonate was observed within the 
Saskatchewan sands and gravels but it 1s uncertain whether 


this is the result of a contemporary process, or is relict 
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from a former groundwater regime. 

In contrast with the relatively inert nature of the 
sands and gravels, the tills present a much more complex 
environment with respect to their influence on chemical 
quality of the groundwater. Groundwater flow occurs 
predominantly along vertical fractures within the oxidized 
till which impart a bulk permeability that is an order of 
magnitude greater than the intergranular value. However, 
they also have a very low porosity so that flow through the 
fractures has potential to be extremely rapid (table 2). It 
is uncertain whether these fast flow velocities allow 
exchange of soluble species between the groundwater and the 
till matrix. If this does occur, it seems likely that any 
soluble material contained in the till matrix will initially 
be dissolved by the groundwater from the parts of the till 
closest to the fractures. This may set up an ionic diffusion 
flux down the concentration gradient from the interior of 
the till blocks toward the fractures so that progressively 
more and more soluble salts are removed from the till matrix 
by the groundwater (Grisak et al.,1976). However, diffusion 
in the opposite direction may also occur as documented by 
Day (1977) if concentrations of soluble species in the pore 
water are less than concentrations in the groundwater within 
the fracture network. Using a computer model, Day 
demonstrated that low ionic concentration gradients of less 
than 100mg/L/cm are capable of producing salt fluxes to and 


from the matrix. This diffusion of ions in and out of the 
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matrix can alter the major ion content of water in the 
fractures whilst scarcely affecting the matrix water 
chemistry. Groundwater residence times in the oxidized till 
are short since flow in the fractures is rapid (table 2), 
therefore the degree to which the diffusion of salts in and 
out of the till matrix can occur beneath the study site, is 
uncertain. 

The fractures are also the zones of concentration of 
oxidized minerals which, from the colour of the oxides, 
appear to be dominantly iron or magnesium. Hydrous oxides of 
iron and magneSium are known to have considerable adsorptive 
powers with respect to heavy metals (Gadde and Laitinen, 
1974), and so these could act as retardants to the transfer 
of elements such as cobalt, nickel, copper and manganese 
through the groundwater system. Sulphate can also be 
attenuated in this way (Ensminger, 1954;Harward and 
Reisenauer, 1966) 

A further property of the fractures is that they limit 
the degree of lateral dispersion of groundwater within the 
oxidized tills, however, longitudinal dispersion can occur 
along the fractures. Attenuation of solute concentration by 
dispersion is therefore expected to be minimal within this 
unit. Little else can be discussed concerning the effect of 
dispersion within the fractured tills since research into 
dispersion in fractured media is at present very limited. 

Groundwater movement within the non-oxidized 
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allowing longer periods of contact between the groundwater 
and minerals within the till matrix. Water movement through 
the intergranular pore matrix also produces greater surface 
areas of contact between the till constituents and the water 
so that the chances of soluble minerals being dissolved are 
increased and dispersion can occur. 

Both the oxidized and the non-oxidized tills contain 
high proportions of clays and clay-Ssize material. During an 
investigation into south Saskatchewan till hydrochemistry, 
Rozkowski (1967) used X-ray diffraction techniques to 
establish that the clay minerals present in the tills were 
montmorillonite, illite and kaolinite. Montmorillonite 
comprised approximately 70% of the total clay minerals. 
Numerous other studies have also identified montmorillonite 
as the major clay within the tills of the Plains region. For 
example Hendry (1981) identified montmorillonite, (which is 
now known as smectite), as the major clay mineral, (50% of 
the total clay minerals present), in the tills of the Bow 
River Irrigation District (BRID) just north of the study 
Site; Moran et al.(1978a) also identified smectite as the 
dominant clay mineral in tills from North Dakota. 

Clay minerals are often the sites of cation exchange 
because of excess negative charges within their lattice 
structure. This process involves the exchange of cations 
held near the surface of an exchange mineral by a negative 
electrical charge, with dissolved cations in solution 


(Robinson, 1962). Since there are repeated exchanges between 
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ions in solution and those held at the adsorption sites the 
adsorbed and soluble ions tend to exist in dynamic 
equilibrium. The rate at which the exchange occurs and the 
proportion of ionic species adsorbed is dependent upon a 
number of factors, including the concentration of the ion in 
the solution phase both singley and with respect to 
competing ions, the pH of the solution in which the ions are 
contained, and the cation exchange capacity of the adsorbing 
clay. The cation exchange capacity is expressed in terms of 
milliequivalents of exchangeable ions retained by 100g of 
the exchange medium. Hausenbuiller (1972) gives 
popeesencaaade cation exchange capacities for common 
exchange minerals at pH7 as 2-16 meqg/i00g for kaolinite, 
20-40 meq/100g for illite and 60-100 meg/100g for 
montmorillonite. Hence montmorillonite (smectite), which is 
probably the most abundant clay mineral in the tills beneath 
the study site has the greatest cation exchange capacity. 

Not all cations are adsorbed by clays with the same 
force. Some cations are preferentially adsorbed over others 
because of difference in valence and radius of the ion. 
Since the force of attraction of a cation is not a fixed 
value, but varies according to the nature of the adsorbing 
material, the relative adsorption affinities of cations are 
often used. These are found to conform to the series; 

H*>Al1°* *>Ca**=Mg°"*>K*=NH,° >Na~* 

A comprehensive and detailed discussion of cation exchange 


processes can be found in Robinson (1962). However, from the 
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preceding brief discussion it appears that cation exchange 
reactions are likely to have a major impact on the chemical 
composition of groundwater within the tills beneath the 
Study site. Preferential adsorption of divalent over 
monovalent cations may result in an apparently greater 
concentration of the monovalent ions within the groundwater 
and the attenuation of divalent species as the water passes 
through the system. The effects of cation exchange reactions 
on the water quality beneath the field area will therefore 
be considered during the interpretation of field data later 
in this thesis. 

The final property of the tills which is likely to have 
an effect on the groundwater quality is the presence of 
soluble saltS within the matrix. The origin of these salts 
is still in question, however the major extractable ions in 
the till are sodium and sulphate, (see later section on 5:1 
extract analyses). Sodium sulphate deposits within the till 
are documented throughout Alberta, Saskatchewan and Manitoba 
as well as the northern United States, (Grossman 1968). 
Cherry (1972) also reports chloride deposits in the tills of 
southern Manitoba. Cherry hypothesizes that salt rich brines 
were squeezed into the tills when ice loads were 
transferred, in part, to the pore fluids in the Paleozoic 
formations beneath them. As these brines from below 
travelled upward they encountered lower temperatures and 
pressures and, as a result, sulphates and chlorides were 


precipitated in the pores of the Pleistocene deposits. 


nis, ideubed ne a 
ret ee . 
wana Sew TART: mk ne 
teHteebe ow eh ohakebw Spal sronpaeion ts Ie epéitetznes oo 
evéret «s5ay 44) =§ \e8 />eRF sno uhoeey te rere oft hie’ a 
eholiners 4eiehsey versie % 21 eee, ae weye sas ed : 7 
aroteserig ild sei 16)) o> ArAgied BE Peup tt tA8 dene 
ease! @20b filei? ‘4 63] S@8ekq tem ein eri be ish isco od : 
<aipnads aiag ct 

@vnd oi otatis o¢ utd payee gi Se at eecarey sonst ont 
bn evawrate 24) 2f Gate tai eae ect? oo 226k lee 
dsfes 29907) 49 pieipg ao (gettem eae nieiw nalgd elaeppe 
fu ened of8elr03 be. aelin of 4 «ecepmd nei teetp at Bisel ee 


o 4 


oe et eS re cz eg * 
{Tiovmis aidtiscaedyedel weseglia Gbbe@, .1@°4 (lore 55777ks 
edotingt bie covedatgdae? et odie Gak@or4) &<Soem265/ST6 7 
«S03! mmecesd) .pesmic Unset pYdeten add oe llaw ee oo 
to elite ody, vb audenqad s5iv0lne Bigmay GEls (59!) (Seay ? 
Weni36 Mabe eee TRL Seri entocgyAy rie pome7 4 oa stedsUGRSs 
brew ghant ost adv (008 /SHs cok) Spec oe oP 
iphonesiag eat of shlreh, o0d4 a ity os teraleen’ 


aie) 


Grossman (1968) outlines a hypothesis for the squeezing of 
sodium sulphate rich waters into meltwater channels which 
were depositing stratified drift in preglacial bedrock 
valleys. These sodium sulphate deposits are thought to have 
been preserved beneath subsequent drift. These are two 
possible mechanisms by which the soluble salts may have been 
deposited within the tills. However, in the Study area 
Sulphates dominate over chlorides as the major extractable 
ion. The effects of these soluble salts on the hydrochemical 
evolution of the groundwater will be discussed in a later 


section. 
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3. Methods of Investigation 


This chapter will describe the methods used to 
determine the variability in the chemical quality of water 
beneath the study area. The investigation procedure can be 
Subdivided into four parts; 

1. Sampling of piezometers and water table wells. 

2. Field geochemical measurements. 

3. Laboratory analysis of water samples at the Alberta 
Environment Water Quality Laboratory in Lethbridge. 

4, Processing of laboratory results into a more 
manageable form by computer using the WATEQF programme 
(Truesdell and Jones, 1974). These points will form the 
Subheadings within this chapter. 

The network of piezometer nests and water table 
monitoring wells across the study site was established by 
Alberta Agriculture during the two year period before this 
Study. Further drilling was undertaken during June 1980 in 
order to extend the groundwater instrumentation network, by 
the Drainage Branch of Alberta Agriculture in Lethbridge. 
Table 3 describes the installations at the piezometer nests 
across the study site. A piezometer nest comprises a number 
of piezometers completed at various depths and a water table 
monitoring well. The location of piezometer nests 
(1809-1821) and water table wells (4393 to 4430 and WTW-1) 


at the site are shown in figure 3. The original numbering 
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system allocated during drilling will be retained throughout 
this thesis to avoid unnecessary confusion. 

Both water table wells and piezometers are constucted 
GESPVGepi pesof eltneresemmn (canon) On. S imma 2 inch) 
internal diameter. Water table wells range from 4.6 metres 
to 18.3 metres deep and have intake zones over most of their 
length, which usually terminate approximately 0.3 metres 
below ground surface. Water table wells were installed in 
Grill holes and backfilled with drill cuttings which were 
tamped down. The region around the top of the pipe was 
sealed with bentonite to prevent surface water from 
percolating down the side of the pipe. Pipes were capped and 
slotted above ground level to maintain atmospheric pressure 
within them. | 

Piezometers were installed at predetermined depths and 
have intake zones of 45cm (18 inches) long. Silica sand was 
used to form a 1 metre thick sand pack around the intake 
zones. A bentonite seal at least 0.15metres thick was 
installed above the intake zone to prevent downward 
percolation of water. The piezometer hole was then 
backfilled with drill cuttings sealed at the surface, and 
slotted and capped in the same manner as the water table 


wells. 
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Description of Fiezometer Installations 


Plezometer Depth (m) Drilled By Date Screen 
1809 - 1 10.4 ALA, April 1979 F 
2 8.2 A.A. April 1979 F 
3 5.5 A.A, Apri) 1979 F 
& 3.5 A.A. April 1979 F 
Wl0 - 1 24.2 Env.-A.A. June 1978 F 
2 2h: Env.-A.A. June 1978 F 
3 17.8 Env.-A.A. June 1978 F 
Wil - 1 24.5 Camfleld March 1979 Ww 
2 225) Camfleld March 1979 Ww 
3 17.4 Camfleld March 1879 W 
1812 - 1 45.5 Env.-A.A. June 1978 F 
2 32.5 Env.-A.A. June 1978 F 
3 22.9 Camfleld March 1979 Ww 
4 15.6 Env.-A.A. June 1978 F 
Ss 9.4 A.A. April 1979 F 
1813 - 1 42.7 Env.-A.A. Jume 1978 F 
2 36.7 Env.-A.A. June 1978 F 
3 30.2 Camfleld March 1979 Ww 
24,1 24.) All-Kingd June 1980 Ww 
4 19.5 Camfield March 1979 W 
s 15.4 Camfield March 1979 Ww 
6 9.6 Env.-A.A. June 1978 F 
Wik - 1 45.0 Env.-A.A. June 1978 F 
2 32.0 Camfleld March 1979 Ww 
24.8 24.8 All-Kind June 1980 W 
3 20.3 Camfield March 1979 Ww 
ry 14.8 Camfleld March 1979 Ww 
5 9.2 Env.-A.A. June 1978 F 
6.9 6.9 Double D June 1980 W 
6 6.2 Env.-A.A. June 1978 F 
ee) 4k Double D June 1980 W 
2.8 2.8 Double D June 1980 Ww 
hn} 72,5] Double D0 June 1980 Ww 
11S - 1 18.2 Camfleld March 1979 Ww 
Wig - 1 1.6 Env.-A.A. June 1978 F 
31.9 31.9 All-Kind June 1980 W 
2 28.6 Env crA.A. June 1978 F 
3 1322 A.A, May 1979 F 
4 7.6 A.A. Apri] 1978 F 
6.7 6.7 Double D June 1980 W 
4.5 as Double D Jume 1980 W 
1817 - 2 4} .8 Env.-A.A. June 1978 F 
3 36.8 Env.-A.A. June 1978 F 
4 S2n5 Camfleld March 1979 W 
L 26.7 Camfleld March 1879 Ww 
bay af 21.8 Al\-Kind June 1980 Ww 
6 16.4 Camfleld March 1979 W 
7.4 7.4 Double D June 1980 Ww 
yf ae) A.A. April 1979 F 
5.7 5.7 Double D June 1980 Ww 
18 Se—an) 52.9 Camfield March 1979 Ww 
42.6 42.6 All-Kind June 1980 Ww 
2 ee) 3) Camfleld March 1979 W 
3 13.8 Camfield March 1979 W 
4 10.6 Env.-A.A. June 1978 F 
5 oh Env.-A.A. June 1978 F 
6 5.9 Env.cA.A. June 1978 iF 
4.5 4s Double D June 1980 Ww 
3.5 3.5 Double D June 1980 Ww 
1819 - 1 25.2 Camfleld March 1979 Ww 
1820 - 34.) 3h.) All-Kind June 1980 W 
we Zia All-Kind June 1980 Ww 
27 217 Al1-Kind June 1980 ] 
s 7.5 Double D June 1980 W 
1821 - 27.0 727 fel) All-Kind June 1980 W 
20.9 20.9 All-Kind June 1980 Ww 
15.0 15.0 Al\-Kind June 1980 Ww 


Fe Fibreglass wrapped 
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3.1 Sampling of Piezometers and Water Table Wells 

Groundwater samples were collected from piezometers and 
water table wells on three occasions between May and August 
1980, in order to identify chemical variability in the 
Shallow groundwater. These water samples were subsequently 
analyzed for major chemical constituents at the Alberta 
Environment Water Quality Laboratory, Lethbridge. 

In preparation for sampling, all standing water was 
removed from the piezometers and water table wells with a 
bailer so that fresh formation water could enter the pipes. 
Some installations responded too rapidly to allow removal of 
all standing water, and in these cases standing water was 
extracted from the piezometer pipe just prior to sampling. 

Since bailing was such a long process, especially for 
the deep holes which contained large volumes of water, 
quicker methods of water removal were considered. 
Peristaltic pumps were not effective to the depths required 
for the study and introduction of compressed air to force 
out the standing water had previously been attempted by 
Hendry (1981). This was discontinued for fear of aerating 
the sand packs around the piezometer tips which would reduce 
permeability and alter redox potential. It was important to 
avoid disturbing the intake zones since the piezometers 
sampled during this study were also being used to measure 
hydraulic conductivities of transmitting media by single 
well response tests. Bailing was therefore found to be the 


only practical method for removing standing water. 


Lem amiemibnely ne 
seuuuh ite Pate > Tet 
> @eteae wt: {Peek Las 
Jisnaupeadoe 434s Wa 
etvedlA/ ane Mt! } 
sohtsdidsad .VieigaTodeT BeELnagy veseH jramno ream 
aur 2e3%W iteaese tlaPgni lam a8 psisaiegeyy al a 
w dove aleew older aw edie Bis 2) Romane eg ef) oo1) bevoge? 
snea dey Grd. Qadiee &L4e5, <a not? ape dosd totd we tekded 
to lovenier waite of higes oot hekeeaens wae sztiazang ov’ 
baw 29404 Ani omss ipht | Ayu at i L¢erts en/hoare iia 
pr iigunl s2960sy ssaflO4 lq GossmgePe ey <272 bordistes. 
Sai eida@c yay: anya Aa ASOR BRP ertitee e424 2} 
teaew to gamit iS5ol sisi noe igidv estat quem wary 
«9a » aoa Laveiry 19 oa) ia aiod ser: ~sax top | — 
Ge: eget ¢ ivpet aes a nvidia te she view afeyq 3. >lateete® iw 
e276? og 126 teerho09noo * a Gi Gime Yura 29 Doe 
yd hesqnegasa Crna piabh werg ae {RAeY RiPr’s G49 GO, 7 
Sis saneg Yo aye to? Cewiah tira Ray SIR. 11886) “wae 
ooyhe. tiuaw: oat aq? ere 0 iy alle Rewtd 2hveg tree 7 
ad aia any a}: meee Lam sia 


40 


A number of precautions were taken while using the 
bailer so as to minimise contamination of formation water in 
the installations both from the surface and between 
installations. 

1. The bailer and rope were washed thoroughly with 
distilled water between sampling one installation and the 
next. 

2. The bailer and rope were never placed directly on 
the ground surface. 

3. The bailer was emptied away from the top of the 
installations. 

After bailing the installations were left for a few 
days to allow them to recover and fill with fresh formation 
water. The installations which responded rapidly were 
Sampled within a day of bailing. 

Once the installations had responded and contained 
sufficient fresh formation water, samples were taken for 
laboratory analysis and field tests were performed. In order 
to obtain a laboratory sample, a sterilized 250mL 
polypropelene sample bottle was washed twice with distilled 
water and three times with formation water. The sample 
bottle was then filled with formation water from the bailer 
and capped tightly. The free space within the sample bottle 
was minimized in an attempt to prevent degassing and 
oxidation of the sample during transportation. The sample 
was labelled and immediately placed in a refrigerator. In 


some cases where samples were dirty, field filtering was 
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attempted but this was too slow to be practical since much 
of the sediment in the water samples was very fine. The 
inclusion of sediment in the water samples may have induced 
slight changes in chemical quality of the water during 
transportation and storage. However, the sediment in the 
bottles was derived from the formations through which the 
groundwater had been flowing and so was not considered to 
cause any major changes in quality of the water samples. 

Some investigators (e.g. Jackson, 1980), recommend 
acidification of samples with nitric acid to prevent 
precipitation of carbonates from the water sample during 
transportation and storage. This was attempted on a group of 
samples but no difference was found in analysis results 
between acidified and unacidified samples, so the practice 
was discontinued. 

Within a day of sampling, samples were transported 
refrigerated to the Alberta Environment Water Quality 
Laboratory in Lethbridge where they were refrigerated until 
analysed. Analysis was usually performed within two days of 
sampling. Maximum storage time encountered between sampling 


and laboratory analysis was one week. 


3.2 Field Geochemical Measurements 
Since changes in water quality can occur during 
transportation and storage, a number of downhole water 


quality measurements were recorded simultaneously with 


. 
J 
- y : —— — ‘ ; 
Ahm eotie Mati snatg et aie eae ear 2d eedymateh 
_ 7 - _ 7 
ti «3 =| Sa” of ‘eae ae er 2 et é 


a | ie | - on 
; : ; —— 
joni 2 of 2S lomye teiawekes ol ran iSvce @ one beu aie? 
- 


wil (SI GW Gi > V2 wy) cess ef’ @ seal ? otla 
| ‘ eal 
siunctes et .YevaMOM Jepeceis Ga aotda agen re 
i - 
7 
» ; 7 ——- ad 
i ¥o... NO oi TPS SLOG is ; 
; y % - \ , aS 
1 
i= >! Ss a e = acs 
I ¥ ’ ¥ : ‘ ' ‘ f 3 
-@ } EnJane 
; “g tk 44 ‘7 ft I2:« 
2 7 
7 19 
) rPé a 


7 
6 ’ : | 7 
ratoal sé) eck, 


§ ‘thliaq@Ee so S 7) 3@ 
‘ _ 
Ii, ¢ wep Al pseial A we iy: we 
_ : _ 
oT 4 ay 4 a wpe a - 4 s% <)* i 


4 : * - : 
ea / Fi iu ey é : — at . re & ° 
5 eo a 
phtinans arawsed Sereateccen mela weanete can et 


Smee t 


i eet gaenk 


bot 


42 


laboratory sample collection. These included in situ 
measurement of temperature (degrees celsius), salinity 
(parts per thousand), conductivity (mhos), and dissolved 
oxygen (mg/L), as well as field determination of pH and 
redox potential, (Eh,mv.). In situ salinity, temperature and 
conductivity measurements were taken using a YSI Model 33 
S-T-C-meter and YSI Model 331 probe with a 15m (50 ft) 
cable. Occasionally, water in the piezometers was too deep 
for the probe to reach so water waS removed with the bailer 
and placed in a clean beaker in order that S-T-C 
measurements could be taken. The water sample was 
replenished periodically until readings stabilized. 
Consequently, the temperature readings for these samples may 
have been a degree or two higher than those taken jn situ. 

In situ measurement of dissolved oxygen were taken 
uSing a YSI 5700 dissolved oxygen meter and accompanying 
probe, (model YSI 57A). The dissolved oxygen meter was 
recalibrated two or three times each day since air 
temperature changes affect the probe sensitivity. A stable 
dissolved oxygen reading was uSually obtained within 5 to 10 
minutes. The accuracy of the dissolved oxygen probe and 
meter was 0.1mg/L. 

Bailed samples were used for field measurement of pH 
and Eh since equipment was unavailible for taking 
measurements downhole. An Orion 407A/F Specific Ion Meter 
was used with accompanying relevant electrodes to measure 


both pH and Eh. For pH measurement a Fisher standard 
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combination glass pH electrode was used. The meter and 
electrode were calibrated using pH7 and pH9 buffers. 

Once the calibration procedure was complete, a bailed 
sample of fresh formation water was used to take a pH 
measurement. This was replenished every three minutes during 
pH meaSurement to prevent a significant temperature 
increase. During pH measurements, the glass electrode was 
immersed approximately 40mm into the sample which was 
stirred to eliminate any anomalous micro-environment around 
the electrode. However, stirring was not so fast as to allow 
streaming potentials to develop which could be detected by 
the electrode. Once the pH reading had stabilized, (between 
five and twenty minutes), it was recorded to the nearest 
CAO SSapH sunits. 

Problems are often encountered during field pH 
measurements because of the fragility of the instruments 
being used, but it was hoped that these could be minimised 
during the study by following a rigid sampling procedure. 
Even so, some technical problems were encountered which 
prevented the measurement of field pH for the third group of 
samples. 

Degassing of samples in contact with the atmosphere 
must also be taken into account when measuring field pH. 
This is increased by stirring the sample and may 
Sigiimucanulysdutenml tS pH seConpaWisOnmOobmnilelOsdand 
laboratory pH will be used later to show the effects of 


degassing. A second problem is encountered with dirty 
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samples which may contain a high percentage of colloidal 
charged particles. These can set up electric potentials 
within the samples and give erroneous pH readings. 

The Orion 407A Specific Ion Meter was also used to 
measure Eh. An Orion platinum redox electrode, (model 
96-78), was used which has a reference electrode 
incorporated into its body. The elctrode/meter combination 
was checked for accuracy before and after each Eh 
measurement uSing a Standard Zobell solution which has a 
calculable Eh at certain temperatures according to the 
equation: 

Eh(Zobell)=0.185+0.00164(25-t) )) 
where t=temperature of the Zobell solution in degrees 
celsius, (Langmuir, 1971). The sample was replenished every 
five minutes with fresh formation water to prevent a 
Significant temperature rise and to minimize oxidation. The 
Eh was recorded periodically until the readings stabilized 
(less than 5mv drift in 10 minutes). A stable Eh reading 
usually took between 40 minutes and one hour to obtain. 

Some investigators including Hendry (1978,1981), have 
used flow cell techniques, for meaSuring Eh and pH in the 
field. Water is pumped from the piezometer, through an 
airtight chamber or 'flow cell' containing the sensing 
electrodes, and out again via an outlet pipe. This has the 
obvious advantages of minimising the contact of the 
formation water with the atmosphere and maintaining a flow 


of fresh formation water across the sensing electrodes. 
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Unfortunately, the flow cell technique could not be used in 
this study because the pump was unable to lift water from 
the depths encountered and many piezometers responded so 
Slowly that they would soon be pumped dry. 

A flow cell technique would have been a great advantage 
in meaSuring Eh since contact with atmospheric oxygen may 
cause oxidation of species which are present in their 
reduced state in the undisturbed formation water. 
Consequently Eh measurements recorded and presented in this 
study probably represent values of Eh greater than would be 
recorded if it were possible to measure Eh in Situ. However, 
Since a consistent meaSuring procedure was followed the 
results are assumed comparable and will be used to 
illustrate relative variations in Eh throughout the study 
area. 

In order to assess the relative concentrations of salts 
within the deposits beneath the field area, bulk samples 
were taken from the sands and tills during drilling. Aqueous 
extracts from these samples were chemically analysed for 
major ions by the Alberta Department of Agriculture Soils 
Laboratory . The water extracts were obtained from air dried 
Samples using the ratio of 1 part soil to 5 parts water by 
weight, following the procedure outlined by the U.S. 


Salinity Laboratory Staff (1954). 
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3.3 Laboratory Analysis of Water Samples 

Samples taken from piezometers and water table wells 
were analysed at the Alberta Environment Water Quality 
Laboratory for all major anions and cations as well as pH 
and electrical conductivity (EC). A full analysis included 
total ionic concentration determinations for calcium (Ca?*), 
magnesium (Mg?*), sodium (Na*), potassium (K*), boron (B), 
bicarbonates HCO.) eechlomides (Gla) jmsul ohaten (S077); 
nitrate-nitrogen (NO,-N), and ammonium (NH,*) ions. In some 
cases, where samples were not too dirty, manganese (Mn) 
concentration was also determined. 

A number of methods were used to analyse the samples. 
Sodium and potassium concentrations were determined by a 
flame emission technique; calcium, magnesium, and manganese 
by atomic adsorption spectroscopy; and chloride and 
bicarbonate by titration. A Technicon AutoAnalyzer 11 was 
used to determine nitrate-nitrogen, sulphate, ammonium and 


boron concentrations uSing a colorimetric technique. 


3.4 Computer Processing of Laboratory Analysis Results 
Laboratory analyses gave values for total 
concentrations of anions and cations (mg/L) within each of 
the water samples, however it is often advantageous to know 
whether the water samples are saturated with respect to 
certain species, the molar ratios of pairs of species in the 


sample, the partial pressure of carbon dioxide with which 
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the sample is in equilibrium as well as a number of other 
chemical variables. Determination of such variables would be 
very time consuming hence a computer program (WATEQF) was 
used to compute these variables and more. 

The WATEQF programme was written by Truesdell and Jones 
and was described by them in a paper in 1974 where it was 
called WATEQ. However, the original PL1 version was modified 
with more recent thermodynamic data by Reardon (1977) who 
included a subroutine which considers isotopic forms of 
carbon. The programme has been renamed WATEQF to distinguish 
it from the original version. 

WATEQF was chosen for use in this study since it was 
the most easily accessible computer programme of its type 
and 1s more than adequate for the scope of the study. With 
it the operator may calculate the equilibrium distribution 
of inorganic aqueous species in natural waters, using the 
results from the laboratory chemical analyses and in situ 
measurements of temperature, pH, and Eh (redox potential). 
The thermodynamic data used in the programme were compiled 
by Truesdell and Jones (1974) after careful consideration of 
availible experimental results. Useful output data include 
total concentrations of input species as both molalities and 
milligrams per litre (mg/L), an analytical and computed epm 
(equivalents per mille) balance to check the accuracy of the 
chemical analysis, distribution of species including single 
and paired ions, ratios between pairs of ions (e.g. Ca:Mg 


molar ratio), and level of saturation of the water sample 
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with respect to a number of minerals. 

The thermodynamic and chemical theory which forms the 
basis of WATEQF's calculations will not be documented here, 
however a detailed description of the equations and 
constants used in WATEQF can be found in Truesdell and Jones 
(1974). Wigley (1977) gives a good description of the 
thermodynamic background to a very similar British computer 
programme (WATSPEC) which can also be used to determine the 
equilibrium speciation of aqueous solutions. Texts by 
Garrels and Christ (1965) and Stumm and Morgan (1970) detail 
the theory of equlibria in aqueous solutions. 

A detailed description of WATEQF and documentation for 
the use of the programme, as well as examples of formatted 
input data and the corresponding output, are availible from 


the Systems Analyst, Alberta Agriculture, Lethbridge. 
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4. Results 


Methods of water sample collection and analysis have 
already been described. This section will present the 
results of field and laboratory water sample analyses as 
well as data derived from computer processing of laboratory 
analysis results. Detailed discussion of the results will be 
presented in a later section. Only brief comments on the 
results will be made here. 

Tables 4 to 6 summarize the results of field testing 
and laboratory analyses of the water samples taken from 
piezometers and the water table wells at these test sites, 
where the intake zone covered only the upper geologic unit. 
Concentrations of major ionic species were converted to mg/L 
by WATEQF. Results in these tables are grouped according to 
geologic unit in which the piezometer or water table well 
was completed and hence the type of deposit from which the 
water sample was taken. Results of analyses of water samples 
taken from the water table wells where the intake zone 
covered more than one unit, or where just a Single water 
table observation well was installed, are given in table 7. 
These water table well samples do not represent point source 
samples and are often from very shallow depths, coming from 
the region just beneath the water table. 

Unfortunately, pH could not be measured in the field 
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technical problems. Eh was measured only once during the 
field season since the process was very time consuming. 
Difficulty was encountered in obtaining deep samples from 
bedrock and the Saskatchewan sands and gravels, and very few 
samples from these units were analysed. Therefore data on 
the chemical characterstics of the water samples are grouped 
according to the four major types of geologic unit from 
which the samples were extracted. The groupings in order of 
increaSing depth are; 

1. Surface sands 

ZeeOxTOMZede tie 

3. Buried sands 

4, Non-oxidized till 

A number of general comments can be made about the 
results before considering them with respect to the four 
groupings above. Water samples from sites 1811 and 1818 have 
lower concentrations of many of the major ions than samples 
taken from similar deposits at the other piezometer nests 
across the field area. Both sites have sands or sands and 
gravels as surface deposits and both are located close to 
the margins of the major irrigated area. Although site 1818 
haswa pivotedirectly north oleic, sthessummer ores |9S0 was sits 
first year of operation. These appear to be the only 
Similarities between sites 1811 and 1818 which may 
distinguish them from other piezometer nests across the 
field area. The depth of the water table is no different at 


these sites than at other sites, hence different recharge 
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rates at the centre and the periphery of the irrigated area 
cannot be invoked. Leaky piezometer tips at either site are 
also unlikely to be a cause of the low observed ionic 
concentrations since hydraulic conductivities obtained by 
falling head tests on these piezometers (Alberta 
Agriculture, 1981) were generally comparible with those 
obtained from the other test sites. Only the 13.8m 
piezometer at site 1818 could be invoked as being leaky from 
the results of these tests. 

When hydraulic gradients through the surficial deposits 
at site 1818 are computed from the head elevations presented 
in the TID Return Flow Study (Alberta Agriculture, 1981), 
net gradient is found to be downward. However, gradients at 
Site 1818 are very small, being almost imperceptible at the 
scale of measurement. This indicates that the groundwater at 
Site 1818 is moving only very slowly downward since flow 
through times are directly related to hydraulic gradient. 
Such long flow through times compared with at other sites 
across the study site may be responsible for the low ionic 
concentrations in the water samples taken at site 1818, 
although the mechanism by which this occurs remains unclear. 

Hydraulic gradients at site 1811 are not nearly as low 
as at site 1818, but indicate net downward movement of water 
through the non-oxidized till to the underlying Saskatchewan 
sands and gravels. Hence, Slow flow through times cannot be 
invoked to account for the low concentrations of ionic 


species in the groundwater from the non-oxidized till at 
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Site, 1814. 

Unfortunately the differences between groundwater 
samples from piezometer nests 1811 and 1818 and the rest of 
the field area were not realized until after bulk samples of 
the overburden deposits were collected for the 5:1 aqueous 
extract analyses, so that the chemistry of the deposits 
could not be tested as a possible cause of the observed 
differences. However, from observation of the deposits 
beneath site 1818 during the 1980 drill program, no 
Significant difference was observed between the deposits 
here and at other piezometer nests across the field area. 
Two samples of the surface sands were taken at site 1818 but 
with the exception of low sodium concentration in their 5:1 
extracts, which resulted in slightly lower ECs for the 
extracts from these samples, they were not significantly 
different from surface sand samples collected elsewhere in 
the field area. The results of the 5:1 analyses will be 
presented in detail later in this chapter. The reasons for 
the anomalously low concentrations of major ion species at 


Sites 1811 and 1818 remain unresolved. 


4.1 Electrical Conductivity of the Water Samples 

The electrical conductivity (EC) of the water samples 
waS measured both in the field and in the laboratory. 
Laboratory EC was found to be consistently greater than 
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FIGURE 12: Field Electrical Conductivity of Water Samples versus 
Laboratory Electrical Conductivity. 
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measurement, which show a linear correlation. The equation 
describing the relationship is: 

predicted field EC=0.71(lab EC)+0.026 (2) 
with a correlation coefficient of 0.95 at a 95% confidence 
limit. Differences in the calibration of the two 
conductivity meters may be responsible for the observed 
difference between field and laboratory EC. Changes in the 


Samples after collection seem unlikely to produce such a 


Be 


marked linear relationship between the field and laboratory 


measurements. Degassing of carbon dioxide should cause the 
laboratory EC to be less than the field EC however the 
reverse case wasS observed so that degassing effects after 
sample collection could not be invoked. Further 


investigation into the calibration of the two conductivity 


meters would be necessary in order to establish the reasons 


for these differences. 

As expected, laboratory EC is positively correlated 
with the concentration of total dissolved solids (figure 
13). The equation describing this relationship is ; 

predicted lab EC=0.001(TDS)+0.29 (3) 
with a correlation coefficient of 0.98 at a 95% confidence 
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FIGURE 13: Laboratory Electrical Conductivity of Water 
Samples versus Total Dissolved Solids Concentration 
(1st Sample Set). 
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4.2 pH of the Water Samples 

Field pH was measured during collection of the first 
two sample sets whereas laboratory pH was measured for all 
samples. Field pH ranged from 6.4 to 8.2 while laboratory pH 
ranged from 6.9 to 8.2. Laboratory pH is usually higher than 
field pH, although no correlation appears to exist between 
the two variables. Instead, the relationship between field 
and laboratory pH seems random (figure 14). The higher 
readings of pH in the laboratory than in the field probably 
result from the degassing of dissolved carbon dioxide 
between the times of sampling and laboratory analysis. The 
consequences of the degassing and its effects on the water 


chemistry will be discussed later. 


4.3 Dissolved Oxygen in the Water Samples 

Dissolved oxygen content of the groundwater samples was 
measured in the field during collection of the first set of 
samples, and concentrations were found to range from 0.1mg/L 
to 4.8 mg/L. Dissolved oxygen concentration was expected to 
decrease with depth since oxygen present in the shallow 
water is used by bacteria for respiration and in oxidation 
reactions as water percolates down through the profile. 
However, as figure 15 illustrates, this was not the case. 
Dissolved oxygen concentration is higher in two of the water 
samples taken from bedrock (2.7mg/L and 2.0mg/L), than in 


many of the samples taken from much shallower depths and is 
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FIGUSE 14: Field pH of Water Samples versus Laboratory pH (lst and 
2nd Sample Sets). 
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60 


FIGURE 15: Dissolved Oxygen Concentration versus Depth from which 
Water Sample was taken (1st Sample Set). 
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also greater than all four samples taken from the surface 
sands. The bedrock at the depths where these two samples 
were taken was logged at the time of piezometer installation 
(1978) as brown siltstone and sandstone indicating that 

Ox motZz1 ng conditions may exist at this depth since the brown 
colour is imparted by minerals in their oxidized state. The 
highest dissolved oxygen concentrations are present in the 
samples from the two piezometers in the buried sands beneath 
testsite 1813 (4.7mg/L and 4.8mg/L). The effects of 
dissolved oxygen concentration on the processes occuring in 
the groundwater flow system will be examined in detail 


during the discussion. 


4.4 Redox Potential of the Water Samples 

Redox potential Eh(mv), was also measured in the field 
during collection of the first set of samples. The results 
plotted against depth from which the sample was taken are 
presented in figure 16. In a Similar way to dissolved oxygen 
concentration, Eh of the water samples shows surprisingly 
little correlation with depth. A plot of Eh versus dissolved 
oxygen for the first sample set is illustrated in figure 17. 
The expected linear trend between the two variables was not 
observed. This lack of linear correlation is probably the 
result of the inherent problems in meaSuring Eh in direct 
contact with the atmosphere and further illustrates the 


necessity of using the flow cell technique wherever 
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FIGURE 16: Field Eh versus Depth from which Water Sample was taken 
(1st Sample Set). 
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FIGURE 17: Field Eh of Water Sample versus Dissolved Oxygen 
Concentration (lst Sample Set). 
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possible. The implications of this with respect to a 


hydrochemical evolution model will be discussed later. 


4.5 Chemistry of Samples from the Surface Sands 

Two test sites, 1814 and 1818, have piezometers 
completed in the surface sands; these range from 2.8m to 
7.1m beneath ground surface. Site 1818 is in the northern 
portion of the study area while 1814 is on the eastern side 
(figure 3). The water table well at 1818 is also completed 
in sands therefore data is included from this hole. The 
results of field measurements and laboratory analyses 
performed on water samples from the surface sands have 
already been presented in tables 4 to 6. The increasing 
concentration of many of the ions with increasing depth is 
obvious. 

Tables 4 to 6 also show that water samples from the 
surface sands at site 1814 have much greater ionic 
concentrations than water samples from the surface sands at 
site 1818. A homogeneity of variance test (F-test), 
performed on the total dissolved solids variances from the 
two sites showed that the samples could not be assumed to 
have been derived from the same population and so no 
difference of means t-test could be performed on the data. 
In order to illustrate the differences between the two 
sites, mean ionic concentrations and sample standard 


deviations (s.d.) have been computed using data from all 
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three sample sets, for the surface sands at sites 1814 and 
1818 separately as well as for the combined data from the 
two sites. The results of these computations as well as the 
ranges of major ionic constituents are given in table 8. 

In some cases nitrate-nitrogen and chloride 
concentrations in the water samples were below laboratory 
detection limits, that is, less than 0.1img/L. Concentrations 
of these ions were therefore assumed to be zero during 
computation of means and standard deviations. 

Table 8 shows that the major ions present in the water 
samples from the surface sands at 1814 are sodium and 
Sulphate. However these are also the two species which have 
major differences in concentration between sites 1814 and 
1818. At site 1818 the bicarbonate ion is dominant. The 
differences between water samples from similar deposits at 
different test sites will be considered in greater detail 


during the discussion. 


4.6 Chemistry of Samples from the Oxidized Till 

The oxidized till 1S much more extensive across the 
study site than the surface sand deposits (figures 5 to 7). 
For this reason there are more piezometers completed in 
oxidized till than in the surface sands. The intake zones of 
these oxidized till piezometers range from 6.0m to 10.6m 
beneath ground surface. At all piezometer nests where 


piezometers are completed in oxidized till, with the 
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Summary Chemistry of Groundwater Samples from the Surface Sands 


Field pH 


Lab pH 


Field EC 
(mhos ) 


Lab EC 
(mhos ) 


TOS 
(mg/L) 


Calcium 
(mg/L) 


Magnesium 
(mg/L) 


Sodium 
(mg/L) 


Potassium 
(mg/L) 


Chloride 
(mg/L) 


Sulphate 
(mg/L) 


Bicarbonate 
(mg/L) 


Ni{trate-N{trogen 


(mg/L) 


Eh 
(my) 


Range 
7 ots 
to 
eo 
ea 


to 
8.2 


Surface Sands at 1814 and 1818 


Mean 


te 


3788. 


162. 


ou 


761. 


63. 


- 
. 


+140 


62 


97 


06 


5 


Bate Range 
7.5 
0.15 to 
Yow 
7.9 
0.19 to 
B23 
3.35 
3.50 to 
9.1 
4.53 
4.75 to 
12.01 
3827.3 
4558.4 to 
11565.4 
138.3 
144.2 to 
440.9 
189.6 
186.5 to 
498.4 
747 
1020.2 to 
2597.8 
Tera 
8.4 to 
24.6 
39.0 
95.1 to 
(o35\.,74 
2180.6 
2997.9 to 
7348.7 
Spe 
120.1 to 
602.8 
OF? 
ie to 
5.4 
155 


Surface Sands at 1814 


Mean sd. 
e0U 0.20 
8.06 0.16 
6.55 Zone 
8.76 3555 

8149.4 3752.6 
300.6 116.8 
344.4 140.4 

A723) 873.5 

16.2 Bas 

142.4 102.4 

5065.6 2482.7 

554.5 39.1 
2.48 2.0 


Surface Sands at 1818 
Range 


dist 
to 
Yat 


07 


20 


04 


02 


95 


80 


245 


anal 


755 QO. 
7.9 0. 
0.44 0. 
0.59 0 
poe) 15: 
58.1 5p 
23.4 S). 
397 Je 
Se 0 
4.0 2 
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S26es8 13) 
0.08 0 
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exception of sites 1814 and 1818, the till directly 
underlies the soil horizons. At sites 1814 and 1818 between 
5m and 8m of surface sands overlie the oxidized till 
ChirgunesmomtOuy)% 

Tables 4 to 6 present the results of field measurements 
and laboratory analyses performed on water samples taken 
from piezometers completed in the oxidized till. The sample 
from site 1818 has considerably lower concentrations of all 
ions except nitrate-nitrogen, than samples from the other 
Sites. 

Table 9 gives mean ionic concentrations, sample 
Standard deviations and ranges of major ionic constituents 
in water samples taken from the oxidized till. Since 
concentrations in the sample from site 1818 are so much 
lower than those from other sites, means have been computed 
for each species first including results from site 1818 and 
then excluding results from this site. Table 9 clearly shows 
the depression of means and increase in sample standard 
deviation which results from the inclusion of data from site 
Bion 

Sodium and sulphate are present in the highest ionic 
concentrations in the water samples taken from the oxidized 
till. Nitrate-nitrogen concentration is very variable, and 
with the exception of sites 1817 and 1820 in the central 
region of the field area, nitrate-nitrogen occurs at only 
very low concentrations. Comparison of tables 8 and 9 


illustrates that concentrations of all major ion species are 
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TABLE 9 


Summary Chemistry of Groundwater Samnles from the Oxidized Till 


Including Data from 1818 Excluding Data from 1818 
Range Mean SiGe Range Mean tal 
6.4 6.4 
Field pH 50, 7.15 0.38 to, 7.08 0.34 
7.0 7.0 
Lab pH to, 753 0.32 to 7.47 0.28 
Field EC 0.47 os 
ric 19, 6.14 2.51 1, 7.00 1.36 
Lab EC 0.70 7.72 
to 8.84 3.68 to 10.06 1.88 
(rhos ) 12.8 12. 86 
105 609.2 6637.0 
(mg/t) to. 7793.4 3223.2 to 9063.9 1824.5 
12940.6 12940.6 
Calef{um 40.1 348.7 
to 391.5 140.8 to 441.6 41.2 
(mg/L) 543.1 543.1 
Magnes {um 9.7 203.0 
to 257.5 109.7 to 294.1 59.5 
(mg/L) 459.5 459.5 
Sout tn 108.0 1220.7 
to 1726.8 812.6 to 1957.8  §57.7 
(mg/L) 2942.5 2947: 
Potass{um 4.7 24.2 
oa f°, 26.2 9.03 °°, 29.3 3.8 
Chloride <0.1 56.7 
to 161.9 104.2 to 184.6 90.4 
(mg/L) 251.0 251.0 
(3 72.0 3467.8 
He to. 4585.9 2058.1 to. 5183.2 1192.2 
7108.5 7108.5 
pee 688.9 
papers toy peB25u2 aM CTELE to. 891.3. 229.5 
1449.6 1449.6 
Nitrate-Nitrogen <0.1 <0.1 
to %.6 54.9 to 46.5 57.0 
(mg/L) 130.0 130.0 
Eh 440 


to +140 49.0 
(mv) +209 


D2 


greater in the oxidized till water samples than in those 
Eromtthe tsurnface “sands Furtherwdrscussion ofitthis 


observation is presented later. 


4.7 Chemistry of Samples from the Buried Sands 

Buried sand lenses are common beneath the field area, 
however because of the laterally discontinuous nature of 
many lenses, piezometer intake zones could not be accurately 
positioned within them. The water samples from the buried 
sands which are described in this section come from larger 
Sand lenses which occur beneath piezometer nests 1813, 1814 
and 1817. Sites 1813 and 1814 are on the east side of the 
field area while 1817 is in the centre (figure 3). 

The sand lens beneath sites 1813 and 1814 shown in the 
cross sections (figures 5 and 6) is continuous between the 
two sites and represents a buried channel deposit which 
presently drains toward the south; it is described earlier 
in this thesis and in the TID Return Flow Study (Alberta 
Agriculture, 1981). The four piezometers in this sand unit 
range in depth from 14.8m to 20.3m below ground surface. The 
sands underlie a total of 12m to 15m of surface sands and 
oxidized till and are approximately 8m thick beneath each 
testsite. 

The three other piezometers in buried sands are located 
at piezometer nest site 1817. Here the sands are laterally 


discontinuous, lie beneath 5m to 6m of oxidized till, and 


? ' s 
: se ne - Pee ae © 
pard>..@i wads a iu fia fe mo adn” 
. < i § Ps Ps er — se 7 : 
ait; 40 nol vavceld asus ana eosnitun Sag @ 
’ 7 a bases we a 
. | |) egeret, Gases pag at al sere) 
cae i 
- x , ’ _ a 
7 i 7 
id - vu ‘ : 7 vee is 
eoaaée Badvat® ate aoa? paigen® te ¢77? 


tiie ty 
ft - 
sigh) gar foeeeee homies was osenet Grins be! 
2 , ; ; it, 7 - - 
‘godniasaeid pier ried a agnabad 


201 \) « ruoo 79" 5 ale ’ 4 mae es ® 


Mu sats = > 


ht Sykqihtep 19 


+] 
+i ; q Sosa 4a: ' tilt site 8° ade abnan 
; d i ¥ Ls i if | i ] «300 fe isi j "n° ain bree 


72 \¥ —T mee .* ya ein >! ees ae 


. : 
| i3 73 as ne ivdw sore 
7 ay 
4 vit : a) \ 
. a « 
; i 6 | haga 404 , Avéened | wo i| Primed ‘1 
$ 7 c'' 
phe mm 1: e6% dd emai ‘! 
7 
J 1S be:i? SP Pes P7887 iL} daperer: i 


rumital qEuae weld 
in - ee 
y Skee O769 Of weetete rs’)? 


—_: & 
: 


‘ante 
as 7 an y) a eh hoi 2 
: { _ 
—* rea 


a) = 
oc7 . wonlladt deverg woind ot .ct oe 


bang atnne ear Se ey) 


See J tvesned spidt at indie 
’ 2 7 .* ; | —_ 


fis 


are 3m to 4m thick. Piezometers in this sand lens are 
located between 5.7m and 7.4m below ground surface. 

Table 10 summarizes the chemical analysis results for 
water samples from the buried sands. The original data is 
given in tables 4 to 6. Table 10 gives the range, mean and 
sample standard deviation for each of the major ion species 
present in the samples from the buried sands. The previously 
mentioned relationship between laboratory and field pH and 
EC are evident in this table. The main feature of the water 
samples from these buried sand deposits is the highly 
variable ionic concentration of major species. This is 
reflected in the total dissolved solid concentrations which 
range from 841mg/L to 8833.6mg/L. Once again sodium and 
Sulphate ions are the major contributors to the total 
dissolved solids. 

Examination of the original data given in tables 4 to 6 
shows that concentrations of ionic species at site 1813 and 
1814 are generally lower than at site 1817. Ionic 
concentrations increase with depth through the sands beneath 
sites 1813 and 1814. Total dissolved solids in the upper 
piezometer in the sand lens at site 1813 decreased markedly 
through the field season. Total dissolved solids do not 
increase with depth in the sand lens beneath site 1817, 
instead, they decrease in the upper meter of the sand lens 
and increase again at its base. 

Hydraulic head measurement taken during 1979 and 1980 


(Alberta Agriculture, 1981), indicate a downward hydraulic 
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Summary Chemistry of Groundwater Samples fron: the Euried Sands 


Field pH 


Lab pH 


Field EC 
(mhos) 


Lab EC 
(mhos ) 


TDS 
(mg/L) 


Calcium 
(mg/L) 


Magnesium 


(mg/L) 


Sodium 
(mg/L) 


Potassium 
(mg/L) 


Chloride 
(mg/L) 


Sulphate 
(mg/L) 


Bicarbonate 
(mg/L) 


Nitrate-Nitrogen 
(mg/L) 


Eh 
(mv) 


TABLE 10 
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gradient through the buried sands at sites 1813 and 1814. 
Hydraulic gradients also indicate lateral flow from site 
1814 to 1813. At site 1817, hydraulic gradients through the 
buried sands are of variable direction and magnitude 
throughout the field season. 

Comparison of tables 8 and 10 illustrates the 
difference in chemical quality between water samples from 
surface sands and those from buried sands. Concentrations of 
all major ion species are greater in the water samples taken 
from the buried sands than they are in samples from the 
surface sands. Comparison of tables 9 and 10 shows that mean 
ionic concentrations of all species except calcium and 
nitrate-nitrogen are not as great in the water from the 
buried sands as concentrations in water samples taken from 
the oxidized till which overlie the sands. With respect to 
this point one should note that the mean ionic 
concentrations given for the oxidized till in table 9 
include water samples from greater depths than the top of 
the buried sand deposits. 

Changes in the chemical quality of the groundwater 
through the buried sands and the relationships between water 
quality in the buried sands and surrounding tills will be 


examined in the discussion. 
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4.8 Chemistry of Samples from the Non-oxidized Till 

The top of the non-oxidized till occurs at depths 
between 10m and 25m beneath most of the study area, its 
upper surface is deepest where it underlies the major sand 
lens beneath piezometer nests 1813 and 1814 (figures 5 and 
6). Non-oxidized till extends to depths of 35m to 40m where 
it overlies the Saskatchewan sands and gravels. Piezometers 
completed in this unit are spread across the study site at 
depths ranging from 13.5m to 32.5m below ground surface. 
Fewer of these piezometers were sampled in the second and 
third data sets than in the first because of their slow 
response to bailing. 

Results of field measurements and chemical analyses for 
major ionic constituents in water samples taken from the 
non-oxidized till unit have been presented in tables 4 to 6. 
A similar pattern to that shown by water samples from the 
oxidized till is evident, in that samples from the 
non-oxidized till at sites 1811 and 1818 have lower 
concentrations of all major ion species except 
nitrate-nitrogen than samples taken from the non-oxidized 
till at other sites across the field area. 

Table 11 is a Summary of the data given in tables 4 to 
6 and gives the mean, sample standard deviation and range of 
each variable, both including and excluding data from sites 
1811 and 1818. This table shows that even the deepest water 
samples from the field area have a moderate concentration 


range for all major ionic species. 
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TABLE 11 


Summary Chemistry of Grouncwater Samples from the Non-Oxidized Till 


Including Data from 1811 & 1818 Excluding Data from 1811] & 1818 


Range Mean S.0. Range Mean Sock 
ea 6.7 
Field pH to 7.24 0.39 to 7.0 0:25 
8.2 Te 
6.9 6.9 
Lab pH to 7.56 0.29 to 7.4 0.26 
8.2 7.8 
Field EC 0.65 2.9 
to 2.50 1.58 to Bars 0.66 
(mhos ) 5.0 5.0 
Lab EC 0.93 4.3 
to 3.66 2.36 to 5.53 0.95 
(mhos) . 7.2 3 qe 
THs - 657.5 3949.3 
(mg/L) to. 3203.4 ~=—-2197.2 to 4992.0 849.9 
6386 6386.6 
Calcium 7.4 240.5 
to 237 2 hez to 374.5 68.6 
(mg/L) 460.9 460.9 
to 98.2 76.7 to 157.4 36.4 
(mg/L) 226.1 226.1 
di 91.9 664.4 
cole to 581.7 413.0 to 881.2 255.7 
1333.4 1333.4 : 
Potassium 5.5 14.1 
to 13.9 5.14 to 17.4 2.4 
(mg/L) 21.1 21.1 
3.5 14.2 
feviaae to 26.8 20.5 to 40.6 15.4 
60.35 60.3 
82.1 1926.0 
eve to. 1582.8 1315.6 to. 2598.4 «628.3 
9 3799.2 3799.2 
395.4 538.2 
See to 709.8 += 294.5 to = B87.1 255.8 
1236.0 1236.0 
Nitrate-Nitrogen <0.1 <0.1 
to 2.3 6.3 to 4.6 9.4 
(mg/L) 26.4 26.4 
Eh +200 
ees ak 43.8 106 
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Sulphate, bicarbonate and sodium are present in the 
highest ionic concentrations in water samples from the 
non-oxidized till, although the sodium and sulphate 
concentrations are not as high as in the other units. 
Comparison of tables 9 and 11 illustrates the differences 
between water samples from the two types of till. Total 
dissolved solid concentrations are considerably lower in 
water samples from the non-oxidized unit than in samples 
from the oxidized till. Although most major ionic species in 
the non-oxidized till water samples do have lower 
concentrations, it 1s the difference in sodium and sulphate 
ion concentrations between samples from the two units which 
are the main contributors to this difference in total 
dissolved solids. 

In contrast with the trends in most of the ionic 
Species in water samples from the two till units, mean 
bicarbonate ion concentrations are almost equal. Even though 
the bicarbonate ion has a slightly higher mean concentration 
in samples from the oxidized till (891.3mg/L), than in 
samples from the non-oxidized till (887.1mg/L), it 
contributes a larger proportion of the total dissolved 
SOlLdSP concentration. in) the non-oOxidizedmtll, 
(approximately 18%) than it does in samples from the 
oxidized till (approximately 10%). 

The chemical nature of the groundwater within the 
non-oxidized till unit and the reasons for the differences 


in water chemistry between the two till units will be 
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examined during the discussion. 

A summary of the ranges and means of the total 
dissolved solid concentrations in water samples from the 
four units described above is given in figure 18. Figure 19 
is a plot of mean concentration of each major ion species 
through a generalized cross-section and shows the general 
trends which occur through the profile. The means used here 
include data from sites 1811 and 1818. The depths at which 
the mean concentrations are plotted in each of the four 
geologic units are the mean depths from which all samples 
collected from that unit across the field area were taken. 
Changes between types of deposit will be examined in greater 


detail during the discussion. 


4.9 Results obtained from WATEQF 

The WATEQF computer programme not only calculates total 
ionic concentrations of major species present in a water 
Sample, but also gives a number of other data which are 
useful when attempting to develop a hydrochemical evolution 
model for a groundwater flow system. This section will 
Summarize some of the more important output variables 
obtained once the water sample laboratory results had been 


processed by WATEOQF. 
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FIGURE 19a: Changes in Mean Cation Concentrations in the Ground- 
water Through a Generalized Profile 


One ; 
{ 
ue 
7 
iw ods 

if 9 
ow 
ie 

oft ai 

i\\qn 
— Saale ett 
V9 
stir 
—_ _— 
: 
- 
_ : 
( - - 
a 
; - 
a 7 oa 


¥ 
7 


iy : 4] 
<r gHd etd At and azrmtey teed Mea 


“athe ‘ paar Tarane® 


yee 
: way yu! 


82 


(fhe fe) 100 200 mg/L 

soz 1000 2000 3000 4 000 5 000 me/L 

HCO, 0 200 400 600 800 1000 mg/L 

NO,-N O 2 3 4A-O 20 30 405-100 200 300 400 mo/L 
0 


a 


Surface 
Sands 


xidgzed 
x ees oe el 


re) 


A Buried 
Sands 


DEPTH BELOW GROUND SURFACE (m) 
nm se 
° a 


Non-oxdized 


x x 
3s soz NO,-N HCOS uu 


30 


FIGURE 19b: Chanaes in Mean Anion Concentrations in the Ground- 
water Through a Generalized Profile. 


, cnn) ae e all 
xe O68 Goer sali oe se * nackte SD 
a ’ 
UN: 
f, a 
— — “s> 7 mainte 
an es 
4 a. 
, le ane hs, 
Po “~y ASS 
— “A * , 
~, 
7 j 
. ‘oh 
~~ =F 
an / 
KK 
- 
, 
we Souk { 
a? , 


vr, 


83 


4.9.1 Saturation Indices 

Some of the most useful variables obtained from the 
WATEQF programme are the Saturation indices of the water 
samples with respect to a number of mineral species. The 
Saturation index, (SI), of a water sample is a measure of 
the thermodynamic state of the solution relative to 
equilibrium with a specific solid phase mineral (Wigley, 
1977). The equation which defines the saturation index is; 

SIT=log(IAP/K(eq) ) (4) 
where IAP is the ion activity product and K(eq) is the 
equilibrium constant for the dissolution reaction of the 
Species in question. An example can be used to illustrate 
this point. The simplified equation for the solution of 
calcite is; 
Gans =a) Camm s ECO na (5) 
where (s) denotes the solid phase. For this reaction to be 
at equilibrium, the products of the activities of the two 
ionic species on the right hand side of equation 5, that is 
the ion activity product, must equal the equilibrium 
constant for this reaction, where, 
aGa*eaCOs m=eKieq) (6) 

at equlibrium. If the ion activity product is less than 
K(eq) then dissolution will occur in the attempt to attain 
equilibrium, conversely if the ion activity product is 
greater than K(eq) then precipitation will occur. 

Returning to equation 4 for the saturation index, and 


following the reasoning given above, if the saturation index 
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is equal to zero, (that is IAP=K(eq)), then the dissolution 
reaction for the mineral species in question is at 
equilibrium and the sample is saturated with respect to that 
Species. When the ion activity product is less than K(eq), 
the saturation index will be negative, hence this indicates 
undersaturation with respect to the mineral species being 
considered and conversely a positive saturation index 
indicates Supersaturation with respect to that species. 

Table 12 summarizes the saturation indices obtained 
from WATEQF output with respect to the mineral species which 
are most often saturated in the water samples, that is 
calcite, dolomite and gypsum. Only results from the first 
two data sets are presented. For the third data set only 
laboratory pH was availible and a sensitivity test on one 
set of data, running WATEQOF first with field pH and then 
with laboratory pH , revealed that saturation indices were 
Significantly influenced by the differences in field and 
laboratory pH; therefore saturation indices from the third 
data set could not be used. The results are once again 
subdivided according to geologic unit from which the water 
sample was taken. The saturation indices are given with 
respect to the mineral species, calcite, dolomite and 
gypsum, 

Saturation indices of samples taken from the surface 
sands (table 12), show that all samples are supersaturated 
with respect to calcite while the shallow samples are 


supersaturated with respect to dolomite. This is probably 
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Sye aes) 1817-4 


TABLE 12 


Saturation Indices of Water Samples 
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the result of concentration by evaporation and 
evapotranspiration in the unsaturated zone. Only the sample 
from 4.4 meters at site 1814 is saturated with respect to 
gypsum, the rest are undersaturated. 

Saturation indices for samples from the oxidized tills 
are also given in table 12. Most samples are saturated or 
SuperSaturated with respect to calcite. Samples are 
supersaturated with respect to dolomite in data set 1 with 
the exception of the sample from 10.6m at site 1818. In data 
set 2 most of the deeper samples are undersaturated with 
respect to dolomite. Shallow samples are saturated with 
respect to gypsum while the deepest sample is 
undersaturated. 

In the water samples from the buried sands 
supersaturation with respect to calcite is common to all but 
one of the samples which is saturated (SI=0.0, table 12). 
Dolomite and gypsum saturation indices are variable with 
depth however a number of the samples from the buried sand 
deposits are saturated or supersaturated with respect to 
these two minerals. 

Water samples from the non-oxidized till include the 
deepest samples from the field area. The saturation indices 
of these samples are also given in table 12. All but one of 
the samples are saturated or supersaturated with respect to 
calcite. The degree of saturation with respect to dolomite 
varies with depth and between the two data sets. The 


majority of samples are undersaturated with respect to 
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gypsum. 


4.9.2 Partial Pressure of Carbon Dioxide (pCO,) 

Another useful variable computed by WATEQF for each of 
the water samples is the Partial pressure of carbon dioxide 
(pCO,atm) with which the carbon dioxide dissolved in the 
water sample is in equilibrium. In the atmosphere the 
partial pressure of carbon dioxide is 3.16x10°> ‘atm (or 1x 
10-2Satm). pCO, values calculated by WATEQF are presented in 
table 13 where they are subdivided according to geologic 
unit from which the water sample was taken. All pCO, values 
are greater than atmospheric pCO,, indicating that carbon 
dioxide was dissolved into the water in a carbon dioxide 
rich environment. This 1S caused by a number of processes 
occuring in the deposits; these will be discussed later. 

The effect of using laboratory pH instead of field pH 
in the computations for data set 3 can be clearly seen in 
the lower pCO, values which result. One of the predominant 
influences on the pH of groundwater is the amount of carbon 
dioxide dissolved in the water. Increasing the amount of 
carbon dioxide in solution increases the acidity of the 
groundwater and decreases its PH. WATEQF is designed to 
calculate pCO, for the water samples by taking account of in 
situ temperature and pH among other variables. Therefore, 
the higher the input pH the lower the pCO, value in the 
output. Since laboratory pH is usually greater than field 


pH, pCO, is consistently lower for samples in data set 3 
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Data Set 3 


atm) 
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With Which the Groundwater Samples Are in Equilibrium 
Data Set 2 
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than for the other data sets. 

Water samples from the surface sands have the lowest 
means pcO> evalue (6.1x10°°atm, $.d.=2.6x10° “atm), pCO, then 
increases into the oxidized tills which have the highest 
Meanevaluewin thesproti le: (5. 14x10;-atm, «s.d.=5.6x 10 4atm) 
as well as the widest range in pCO,. pCO, concentrations in 
the groundwater decrease into the buried sands although 
concentrations are still higher than in the surface sands 
and then increase again into the non-oxidized till. 
Non-oxidized till and buried sand water samples have mean 
carbon dioxide partial pressures of 4.12x10°>7atm 
(secm=se Zax Ose atm eandecews exe ZatmecseOe=2 50k Om atm) 


respectively. 


4.9.3 Ca:Mg Molar ratios 

WATEQOF computes molar ratios of various pairs.of ions 
in the water samples from total ion concentrations. One of 
the most useful of these is the Ca:Mg molar ratio. Assuming 
the major source of calcium and magnesium ions in the 
groundwater system is the dissolution of calcite (CaCO,) and 
dolomite (CaMg(CO,),.), and that no process occurs, such as 
precipitation of calcite, dolomite or gypsum which might 
alter the concentrations of these ions, Ca:Mg molar ratios 
greater than unity would be expected since both calcite and 
dolomite contribute calcium to the groundwater whereas only 
dolomite contributes magnesium. Table 14 presents the Ca:Mg 


molar ratios obtained from WATEQF; some of the samples have 
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90 
TABLE 14 


Ca:Mg Molar Ratios in Groundwater Samples 


Depth (m) Hole Data Set 1 Data Set 2 Data Set 3 
SUES (SEM 
2.8 1814-2.8 0.44 0.56 0.66 
4.4 1814-4.4 0.49 0.48 0.58 
28) 1818-6 aT ib tere heats 
aot 1818-7(WTW) ---- 0.96 0.85 
deat 1818-5 Usishe 1.94 1.94 
Oxidized TiN] | 
6.0 1820-N(WTW) On79 0.80 0.82 
Gal 1816-5(\WTW) OFS! 0.85 0.90 
Gea 1814-6.9 Oa57 0.64 0.76 
pes) 1820-S ie Ot O75 200 
ile 1816-4 1.62 ---- ---- 
Line 1814-5 1.09 ae LeOs 
9.4 1812-5 ib 386) 1.04 OL 
10.6 1818-4 Ze00 cmes Gece 
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Ca:Mg molar ratios less than unity. This must be the result 
of the relative concentration of Mg?* ions with respect to 
Ca** ions in the water samples. Evaporation and 
evapotranspiration can produce this effect since they 
concentrate ionic species in the water. This causes calcium 
Salts to precipitate before magnesium salts because of their 
lower solubility and results in the relative enrichment of 
magnesium. 

Examination of table 14 seems to support the idea of 
evaporation and evapotranspiration from the unsaturated zone 
above the water table leading to lower Ca:Mg molar ratios 
Since, in most cases, it is the shallow samples which have 
Ca:Mg molar ratios less than unity. However, some deeper 
samples also show these trends. For example, the sample at 
20.3m in the buried sands has a Ca:Mg molar ratio of less 
than one in two of the three data sets. To account for this 
some other process leading to the relative enrichment of 
Mg?* must be invoked. This will be investigated in greater 
detail in the discussion. 

Ca:Mg molar ratios in table 14 are divided according to 
geologic unit from which the water samples were taken and 
mean Ca:Mg ratio for each unit was computed. Mean Ca:Mg 
molar ratio in the surface sands is 0.86 (s.d.=0.65) and in 
Enesoxlarzecdetcilietteils, GrLeatermtnanmonlewa tania) 
(s.d.=0.61). Ca:Mg molar ratio continues to increase through 
the buried sands and into the non-oxidized till from a mean 


Of 1242) (S.ds=0.,32) in the buried sand to 71-78 (s.d7=0.46) 
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in the non-oxidized till. 


4.10 Results of 5:1 Aqueous Extract Analyses 

The procedure for obtaining the 5:1 aqueous extracts 
from samples of deposits beneath the study site has been 
outlined in the methods section. The results of the chemical 
analyses of these 5:1 extracts are presented in table 15; 
concentrations of all ionic species are given in meq/L and 
Site locations can be found on figure 3. Samples for which 
extracts were analysed include seven from surface sands, 
eleven from oxidized tills and one from the buried sands. 
Unfortunately, no samples were taken from the non-oxidized 
tills however, these would have been useful and should be 
collected during any further research. 

Graphical plots of each major ion species present in 
the 5:1 extract versus depth from which the till or sand 
Sample was taken are presented in figures 20(a) to 20(j). 
Some correlation between depth and concentration of ions 
within the extracts was expected; however this was not the 
Gasestonm any of the tons. Blectricalmconductivaty, (EC), 
(figure 20(a)) which is a direct measure of the total 
dissolved solids concentrations in the extracts also shows 
no correlation with depth 

A marked differentiation between extracts from the till 
and the sands can be seen in figure 20(a) showing that the 


electrical conductivities of the extracts from the till 
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Samples are considerably greater than those from sands. The 
mean electrical conductivity of till extracts is 6.75mhos 
(s.d.=1.30mhos), while the mean electrical conductivity of 
the sand extracts is 0.93 mhos (s.d.=0.34mhos). Sample 19 
however, seems to be an exception. The position and nature 
of this buried sand sample (19) may account for its 
exceptional properties. Unlike all the other sand samples 
which were taken from dry or slightly moist surface sands, 
sample 19 was taken from a Saturated sand lens at a depth of 
approximately 7.5 m which is overlain by 5 metres of 
oxidized till. Therefore this sand has probably been 
subjected to the same processes of salt deposition as the 
oxidized till around it. Results of water sample analyses 
(tables 4 to 6), show that water in this buried sand lens 
has high concentrations of a number of ions. Therefore when 
the sample was air-dried in preparation for the extract 
analysis, any salts present in the saturated sample would 
have been precipitated. Once water was added to the sample 
to obtain the 5:1 extract these salts would be redissolved 
and be detected in the analysis of the water extract from 
the sample. 

The following observations can be made from figures 
ZO Va) mtoeZ Ole): 

1. The pH of 5:1 extracts falls dominantly in the range 
7.8 to 8.8 (figure 20(b)). The mean pH of suface sand 
G@xbractSuiseo,s7msean=0749) es thsmiseslightlysqreatenmesthan 


the mean ph of the oxidized till extracts which is 7.98 
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2. Extracts from the oxidized till have greater 
concentrations of calcium and magnesium (figure 20(c)), 
sodium (figure 20(d)), sulphate (figure 20(e)), and 
potassium ions (figure 20(g)) than extracts from the surface 
sands. Mean calcium and magnesium concentration in surface 
Sand extracts is 6.28meq/L (s.d.=3.8meq/L) and 40.54meq/L 
(s.d.=12.3meq/L) for the oxidized till extracts. Sodium 
concentrations have a mean of 3.58meq/L (s.d.=2.6meq/L), in 
the surface sands and 46.92meq/L (s.d.=11.02meq/L) in the 
oxidized till extracts. Mean sulphate concentrations in the 
surface sands and oxidized tills are 6.16meq/L 
(s.d.=4.92meq/L), and 83.53meq/L (s.d.=19.32meq/L) 
respectively while mean potassium ion concentrations are 
O0.16meq/L (s.d.=0.05meq/L) in the surface sand extracts and 
0.58meq/L (s.d.=0.07meg/L) in the till extracts. 

3. Chloride ion concentration (figure 20(h)) shows a 
Similar pattern to that described above except that the 
division between sand and till extracts is not as marked. 
Extracts from the surface sands have a mean chloride ion 
concentration of 0.25meq/L (s.d.=0.17meq/L) while in 
extracts from the oxidized till the mean is 1.66meq/L 
(sid). =2i002meq/L)’. 

4, Figure 20(f£) shows carbonate-bicarbonate 
concentrations in the 5:1 aqueous extracts. In this case 
sand extracts have greater concentrations than those from 


the tills which cluster around 0.6 meq/L and are independent 


o¢ 


»=3 -ra4q sete eens SAR) : otp 2} snot =8e 00% 


_ 


ice tease evi esagee. baa sviotas eat eSnai 
os a a) : 
(Jipeditef>.h.¢) J\pastt.2 af ndset¢ ee Gee 
ee! _: 


a : 
Sigs a8 if 


7 oS 
otsuaifae It)? | sis wo) Ip 
- 7 » 
; 1 en rs “oh fk Sven @Ppu. 26 
a : 
aM « “ 48) « 
ry a @ 
4 | e 
; bits 
9 eo 2 
é _ ie « mss 
’ : ' 
‘ ft) AS Dit ¢ 
_ » a¢ “— A 
Le « 20 iw 
= 


a:sGi> Owe? 4 Ti 
x a. 
ad af bite) 12 phe 


od gpa f a weit 
- 4, | 


101 


of depth. 

Mean carbonate-bicarbonate concentration in the surface 
Sand extracts is 1.3meq/L (s.d.=0.47meq/L) while in the 
oxidized till extracts the mean is 0o.57meq/L 
(s.d.=0.06meq/L). There appears to be a decreasing 
concentration of carbonate-bicarbonate with depth in the 
sand extracts. 

5. Similarities in the grouping of samples can be seen 
when the pH graph (figure 20(b)) is compared with the 
carbonate-bicarbonate graph (figure 20(f)). This is not 
Surprising since carbonate-bicarbonate solution buffers the 
pH of the system. The reasons for the anomalous behaviour of 
sample 1 are unclear and may be the result of experimental 
errors 

6. Figure 20(i) shows variation in nitrate-nitrogen 
concentration with depth in the 5:1 extracts. Mean 
nitrate-nitrogen concentration is 2.15meq/L (s.d.=3.21meq/L) 
in the oxidized till extracts and 0.66meq/L (s.d.=0.97meqg/L) 
in the surface sand extracts. The large standard deviations 
reflect the marked variability of nitrate-nitrogen 
concentration. Although mean nitrate-nitrogen concentration 
is greater in the oxidized till extracts than in the those 
from the surface sands, figure 20(i) shows that there is not 
the distinct difference betwen extracts from the two units 
that is observed for other ionic species. 

7. Ammonium ion concentrations in the 5:1 extracts are 


given in figure 20(j). Mean ammonium ion concentration in 
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the oxidized till extracts 
while in the sand extracts 
There is little difference 
concentrations in extracts 


Surface sands. 
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is 0.25meq/L (s.d.=0.07meq/L), 
it is 0.20meq/L (s.d.=0.13meq/L). 
between ammonium ion 


from the oxidized till and 


The results of the 5:1 extract analyses will be used in 


the discussion to aid in the development of a hydrochemical 


evolution model for the groundwater system beneath the study 


Site. 
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5. Interpretation and Discussion of Results 


The chemistry of a water sample from any point in the 
groundwater flow system represents the end product of 
physical and chemical processes and process interactions 
which have affected the groundwater, (Schwartz and Domenico, 
1973). The order in which the processes occur depends upon 
the direction of groundwater flow and the physical, chemical 
and biochemical conditions existing within the flow system. 
The relative magnitude of process and effect also influences 
the chemical quality of the water sample. 

In an attempt to better understand the results of the 
chemical analyses of water samples from beneath the study 
Site, a number of processes, which have been identified in 
previous studies of groundwater flow systems through 
overburden deposits (Moran et al., 1978a,1978b; Hendry, 
1981), will be examined here. These processes cannot be 
totally separated from each other since they interact 
considerably, therefore the nature and consequences of their 
interactions will also be considered. Once the major 
processes and the results of their interactions have been 
discussed in general terms, they will then be considered 
with respect to the observed changes in chemical quality as 
water passes through the overburden deposits beneath the 
study site. In this way observed changes in groundwater 


chemical quality will be explained in terms of the processes 
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cauSing the observed response. 

Finally, the hydrochemical evolution model which best 
explains the observed changes in chemical quality of 
groundwater as it passes through the overburden deposits 


will be presented. 


5.1 Processes Occurring in the Groundwater Flow System 
The major processes which modify the chemical quality 


of the overburden deposits will be considered here. 


5.1.1 Soil zone CO, production and dissolution 

Respiration of micro-organisms and the oxidation of 
organic matter by aerobic bacteria produce carbon dioxide in 
the root zone. The oxidation reaction is described by the 
equation; 

O,(g)+CH,O—>CO, (g)+H,0(1) (10) 
where CH,O represent the basic unit of organic matter. This 
reaction leads to partial pressures of carbon dioxide (pCO,) 
in the soil atmosphere from 10°-°atm to 10-'tatm (Freeze and 
Cherry, 1979), which are greater than atmospheric partial 
pressure of carbon dioxide at 10°**atm. 

The solubility of carbon dioxide in water is inversely 
related to temperature. When carbon dioxide dissolves in 
water, carbonic acid is formed which further dissociates 
into hydrogen cations and bicarbonate anions according to 


the reaction; 
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HrO Gl) 2 Cort —StheCO,— Ht Oe: isi} 
In this way water infiltrating into the soil zone and 
percolating down through it dissolves carbon dioxide and 
becomes increasingly acidic because hydrogen ions are 
produced. Moran et al. (1978b) calculate that water brought 
into contact with a gas phase where the partial pressure of 
carbon dioxide is 10°?atm will have an equlibrium pH of 
approximately 5.0 and if the partial pressure of carbon 
dioxide is increased to 10°'atm, the equlibrium pH would be 
4,2 assuming no other buffering reaction occurred. For this 
reason Freeze and Cherry (1979) refer to the soil zone as an 
"acid pump' in the groundwater flow system. This process can 
therefore account for the partial pressures of carbon 
dioxide with which the water samples from the study Site are 
in equilibrium (table 13) which are greater than values 
which would be produced through equilibrium with atmospheric 


carbon dioxide partial pressure. 


5.1.2 Pyrite (FeS,) oxidation 

Pyrite (iron sulphide) oxidation is another process 
which increases the acidity of water passing through the 
shallow zones of the flow system. This process has been 
identified in areas of overburden deposits similar to those 
at the study site (Moran et al., 1978a). Pyrite was not 
directly observed within the tills of the study area 
although it may have been present in a disseminated form. 


However, Hendry (pers. comm.) has found disseminated pyrite 
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in oxidized till from the Enchant area of southern Alberta 
during chemical analysis of oxidized till samples. 

The pyrite oxidation process uses atmospheric oxygen 
which is dissolved in the percolating water; it proceeds 
according to the equation; 
4FeS, (s)+1502(9)414H2001) => 4Fe(OH)s (Ss) +16H*+8S0,2> (12) 
(Moran et al., 1978b). Since a large number of hydrogen ions 
are produced in this reaction, only a small amount of 
oxidation is required to significantly increase the acidity 
of the surrounding water. The pH attained by the water and 
the concentration of sulphate (SO,?~), ions released by the 
Oxidation of pyrite are dependent upon the avalibility of 
pyrite, the degree of saturation of the deposits, and 
whether the system is open or closed with respect to 
availible oxygen. In an open system, depleted dissolved 
oxygen concentrations are replenished from the atmosphere 
and subsequently used for the oxidation reaction. Hence, 
pyrite oxidation continues, pH declines and sulphate ion 
concentrations increase. Moran et al. (1978b) demonstrate 
that under open system conditions, where dissolved oxygen 
used in the oxidation reaction is continually replenished, 
and where the porous medium is Saturated, water with a 
minimum pH of 2 and a maximum sulphate ion concentration of 
450mg/L can be obtained through pyrite oxidation. However 
such ideal conditions rarely exist in natural groundwater 
flow systems through overburden deposits. In the giacially 


derived deposits examined by Moran et al. (1978a) pyrite 
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oxidation occurred in the unsaturated zone as water 
infiltrated toward the water table. In this case rain and 
snow melt contained only enough dissolved oxygen to produce 
17mg/L of sulphate ions. The field situation described here 
is Similar to the situation described by Moran et al. and 
therefore probably produces sulphate ions in concentrations 
close to 17mg/L. Some other process must therefore be 
invoked to account for the high sulphate ion concentrations 
observed at or just below the water table over much of the 
study site. 

If some other process occurs in the groundwater flow 
System, Simultaneously with pyrite oxidation, and uses the 
hydrogen ions which are being produced, the pH of the water 
will not decline to the low levels possible if pyrite 
oxidation were taking place alone. Dissolution of carbonates 


is such a process and will be discussed in the next section. 


5.1.3 Dissolution and precipitation of carbonates 

The two most common carbonates which occur in 
overburden deposits are calcite (CaCO;), and dolomite 
(CaMg(CO,),). Carbonates were identified in the tills of the 
field area by acid tests both as clasts and in the 
disseminated form in the till matrix. These carbonates were 
assumed to be dominantly calcite and dolomite because of the 
frequency of water sample saturation with respect to these 
minerals. However, it is also recognised that contributions 


of calcium, magnesium and bicarbonate ions from other 
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sources could produce positive saturation indices for 
calcite and dolomite through the common ion effect. 

For calcite and dolomite to dissolve in the groundwater 
it must be acidic because the dissolution reactions require 
the presence of hydrogen ions; 

CaCO, (s)+H*—> Ca?*+HCO,- (13) 

CaMg(CO,),(s)+2H*—y+Ca?*+Mg?*+2HCO,~- (14) 
Hence, the dissolution of carbonates is aided by soil 
production and dissolution of carbon dioxide and by pyrite 
oxidation, which both produce hydrogen ions. The two 
reactions illustrated above (equations 13 and 14), buffer 
the pH of the groundwater by using H*, and prevent it from 
becoming exceptionally acidic. 

Dissolution of carbon dioxide is the major producer of 
hydrogen ions in most groundwater systems, (Freeze and 
Cherry, 1979). The increasing solubility of carbon dioxide 
with decreasing temperature has already been outlined. This 
effect is transmitted to the solubility of carbonates 
through the availibility of hydrogen ions for the 
dissolution reactions (Freeze and Cherry, 1979). Hence 
carbonate solubility is also inversely related with 
temperature. 

Since temperature of the groundwater affects its 
ability to dissolve carbonates, changes in temperature 
through the year will result in temporal variation in 
carbonate solubility. In winter or early spring, cold water 


entering the flow system from the surface is warmed as it 
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moves along the flow path; thus its ability to dissolve 
carbon dioxide, and consequently carbonates, progressively 
decreases. Carbonates which were taken into solution at 
lower temperatures are therefore precipitated. Conversely, 
in the summer warm water penetrates the soil zone and 
temperature decreases along the flow path thereby increasing 
the solubility of carbon dioxide and also carbonates (Freeze 
and Cherry, 1979). 

At carbon dioxide partial pressures typical of those in 
the soil atmosphere (10°>*atm to 10°'atm), Freeze and Cherry 
(1979) calculate that dissolution of calcite and dolomite to 
equilibrium will produce a bicarbonate ion concentration in 
the range of 100mg/L to 600mg/L under open system conditions 
where CO, is continually replenished. Moran et al. (1978a) 
calculate that pure water at 10 degrees celsius containing 
carbon dioxide dissolved to equilibrium at partial pressures 
in the range 10°?*%atm to 10°‘atm will, under open system 
conditions, produce water with an equlibrium pH of 6.6 to 
7.7 and bicarbonate ion concentrations in the range 192mg/L 
to 610mg/L. In a closed system however, where carbon dioxide 
is not consistently replenished, bicarbonate ion 
concentrations will not be this high. 

Shallow samples from the field area often had pH's and 
bicarbonate ion concentrations within or slightly higher 
than the range predicted by Moran et al.(1978a) and Freeze 
and Cherry (1979) (tables 4 to 6). They were also commonly 


Saturated or supersaturated with respect to calcite and 
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dolomite, (table 12). The slightly higher bicarbonate 
concentrations than predicted may result from water 
temperatures lower than 10 degrees celsius which, as already 
outlined, would increase carbonate solubility. 

Deeper water samples from the field area, especially 
those from the oxidized till (tables 4 to 6), often have 
bicarbonate ion concentrations considerably greater than the 
equilibrium values predicted by Moran et al. (1978a) and 
Freeze and Cherry (1979). Also, saturation indices with 
respect to calcite and dolomite for water samples from the 
oxidized till are mostly positive, indicating 
Supersaturation, (table 12). Further consideration of the 
table of saturation indices reveals that saturation of the 
water samples with respect to calcite is reached in the 
surface sands, hence increased calcite dissolution does not 
appear to be the mechanism by which bicarbonate ion 
concentrations increase through the profile (figure 19). 
Increased dissolution of dolomite cannot be invoked either 
Since dolomite saturation levels vary little between the 
surface sands and the oxidized till (table 12). Some other 
process therefore seems to be producing bicarbonate ions 
within the oxidized till unit. 

When calcite and dolomite are both present in a till, 
the temperature of the groundwater and the order in which 
the groundwater encounters the minerals, will determine its 
resulting chemical quality. If the groundwater encounters 


calcite first and dissolves it to equilibrium then some 
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dolomite can still be dissolved since the water must attain 
certain Mg?* levels in order that the ion activity product 
is equal to the equlibrium constant for dolomite at the 
temperature and pressure of the system. However, when more 
dolomite is dissolved, Ca?* and HCO,;°> concentrations also 
increase (equation 14) and this can cause the precipitation 
of calcite through the common ion effect. Such a chain 
reaction will cause a decrease in the Ca:Mg molar ratio and 
may account for some of the low Ca:Mg ratios observed at 
depth in the field area which could not be attribited to 
evaporation and evapotranspiration effects. 

In the case where dolomite is the first carbonate 
mineral encountered by the groundwater and is dissolved to 
equilibrium, the temperature of the water is very important 
(Freeze and Cherry, 1979). Through comparison of equilibrium 
constants for calcite and dolomite at various temperatures 
and at 1 bar total pressure, Freeze and Cherry show that if 
groundwater at 10 degrees celsius dissolves dolomite to 
Saturation and then encounters calcite, saturation with 
respect to calcite also occurs through the common ion effect 
and no further calcite dissolution is possible. However, if 
the water dissolves dolomite at a temperature lower than 10 
degrees celsius, it becomes supersaturated with respect to 
calcite and precipitation occurs. Conversely, if water 
dissolves dolomite to saturation at temperatures above 10 
degrees celsius and then encounters calcite, more calcite 


can be dissolved and the water becomes supersaturated with 
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respect to dolomite. 

In tills, calcite and dolomite often exist together and 
Simultaneous dissolution occurs (Freeze and Cherry, 1979). 
The chemistry of the water which results from such a 
dissolution mechanism is dependent upon the relative 
abundance of each mineral and their relative rates of 
dissolution which are, in turn, controlled by temperature 
and partial pressure of carbon dioxide. For this reason, 
Ca:Mg molar ratios can develop over a wide range from less 
than one to more than one (Freeze and Cherry, 1979). Such 
variations in dissolution reactions can therefore explain 
the observed variations in Ca:Mg molar ratios (table 14). 

THespresencers Ol Caf 7 MG~ sana HCO, —10OnS in Ssobucion, 
which have been derived from sources other than carbonate 
solution, decreases the solubility of calcite and dolomite 
through the common ion effect. The total ionic strength of 
the groundwater also has a significant influence on the 
solubility of calcite and dolomite. As the total ionic 
strength of the groundwater increases, the activity 
coefficients of the major ions in solution decrease (Freeze 
andp cherry 119/79) si Ligure? 1). bniseleads etoraneincrease in 
the solubility of minerals such as dolomite and calcite, 
Since the equlibrium constant is dependent upon the 
activities of the ions in solution (equation 6). 

Partial pressure of carbon dioxide, (pCO,) variation in 
water samples from the field area is shown in table 13 and 


is inconsistent with depth. WATEQF computes the partial 
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pressure of carbon dioxide with which the water samples are 
in equilibrium, from the from field pH and analytical 
bicarbonate ion concentration taking into account the 
temperature of the system. Therefore the high carbon dioxide 
partial pressure values which are often observed in the 
oxidized tills are probably a function of the high 
bicarbonate ion concentrations which have already been 
noted. It is therefore questionable whether the high partail 
pressure of carbon dioxide values indicated by WATEQF will 
result in significantly increased carbonate dissolution 
Since bicarbonate ions are produced by both carbon dioxide 
and carbonate dissolution and the common ion effect will 
limit both reactions. If bicarbonate ions are also being 
produced by some other reaction, the precipitation of 
calcite and dolomite may occur through the common ion effect 
even though computed carbon dioxide partial pressure 
indicates that increased carbonate dissolution should be 
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5.1.4 Dissolution and precipitation of sulphates 

The dissolution of sulphates, especially gypsum 
(CaSO,.2H,0) and anhydrite (CaSO,) has been invoked by Moran 
et al. (1978a, 1978b) as the most reasonable mechanism to 
account for the high sulphate concentrations observed in 
groundwater from overburden deposits. Gypsum dissolves in 
water quite quickly and laboratory experiments by Kemper et 


al. (1975) have shown that equilibrium is normally reached 
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within minutes or hours. The solution of pitsum He described 
by the equation; 

GaSOncHe oO = 7iCage SOn me teh. © ao) 
Cherry (1968) found that if gypsum is dissolved to 
equilibrium in deionized water at 8 degrees celsius, 520mg/L 
of calcium ions and 1240 mg/L of sulphate ions would be 
produced. However in water containing other ions the 
solubility would increase in a similar way to that described 
for carbonates because of decreased activities of ionic 
species (figure 21). 

The origin of gypsum in the overburden deposits may 
have been by the squeezing of brackish water into the 
deposits during glacial loading (Cherry, 1972). However 
Moran et al. (1978a) state that there is a more reasonable 
way to account for the presence of gypsum in the shallow 
overburden deposits. Oxidation of pyrite in the shallow 
zones, where atmospheric oxygen is readily availible, 
produces sulphate ions, while calcite and dolomite 
dissolution in the presence of high carbon dioxide partial 
pressures produce calcium ions. Subsequent excessive 
evaporation and evapotranspiration from the unsaturated zone 
which often occurs in a semi-arid area such as the study 
site, results in the precipitation of gypsum and calcite in 
the unsaturated zone. This gypsum is then availible for 
dissolution in water which subsequently infiltrates through 
this zone during groundwater recharge events. Pyrite 


oxidation alone cannot account for the very high sulphate 
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concentrations which exist in water samples from the field 
area. Therefore shallow gypsum precipitation during dry 
spells and solution during recharge events must be invoked. 
This idea is supported by the attainment of supersaturation 
with respect to gypsum at a number of shallow piezometers 
across the study site (table 12). 

Gypsum dissolution can limit the amounts of calcite or 
dolomite which are able to dissolve, by the common ion 
effect. Water which encounters and dissolves gypsum at 
shallow depth will only be able to dissolve limited 
quantities of calcite or dolomite since calcium ions are 
already present in the water. Saturation indices with 
respect to calcite and dolomite (table 12) show that samples 
are often saturated or supersaturated with respect to these 
two minerals. Hence, the common ion effect through gypsum 
dissolution is not preventing saturation with respect to 
calcite or dolomite. 

Other sulphate minerals such as mirabillite 
(Na,SO,.10H,0), epsomite (MgSO,.7H.O) and glauberite 
(Na,Ca(SO,),), may be contributing to the high sulphate 
concentrations in the shallow groundwater. However the 
effect of these is difficult to assess since no sulphates 
other than gypsum were shown in the WATEQF output as being 
present in the groundwater samples at concentrations close 
to saturation. Therefore gypsum, which was often at 
Saturation in the water samples, seems to be the dominant 


sulphate in this flow system. 
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Another alternative for a sulphate source is the input 
of sulphate to the flow system from atmospheric sources, 
(pers. comm. F.Schwartz). Sulphate ion concentration in 
precipitation will only be of the order of a few milligrams 
per litre, however, over geologic time sulphate deposits 
could build up to significant concentrations in the 
unsaturated zone eSpecially with the dominance of 
evaporation and evapotranspiration in this region of 


Alberta. 


5.1.5 Cation exchange processes 

The occurrence of cation exchange in overburden 
deposits with a large proportion of colloidal particles and 
the mechanism by which this process occurs, have already 
been outlined. In this section the effects of cation 
exchange on the quality of groundwater as it passes through 
the flow system will be discussed. 

The most important ions in the groundwater which take 
part in cation exchange reactions are calcium (Ca?*), 
magnesium (Mg?*), and sodium (Na*). Calcium and magnesium 
ions are preferentially adsorbed onto clays in exchange for 
sodium ions, according to the equation; 

Ca?*(aq)+Mg?* (aq) +Na-clay=—4Na*+CaMg-clay (16) 
This reaction is reversible and depends on the relative 
concentrations of adsorbed and aqueous species, however the 
forward reaction usually occurs due to the stronger 


adsorption affinities of calcium and magnesium than that of 
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sodium. When the forward reaction occurs, the groundwater 
becomes enriched with sodium ions and depleted in calcium 
and magneSium ions, assuming all are present. Since each 
mole of calcium or magnesium ions which is removed from the 
water is replaced by 2 moles of sodium ions, cation exchange 
causes a Slight increase in the total dissolved solids 
concentration of the groundwater. 

The major source of calcium and magnesium ions which 
enter into the cation exchange reactions appears to be the 
dissolution of calcite, dolomite and gypsum. As calcium and 
magnesium ions are removed from the groundwater by cation 
exchange, more of these ions must be produced to maintain 
the 1on activity product of each species. A secondary effect 
of cation exchange is, therefore, to increase the 
dissolution of calcite, dolomite and gypsum through the 
common ion effect. Kinetic factors such as temperature and 
pressure of the system control the rates at which these 
three minerals dissolve in response to the cation exchange 
reaction. At a given temperature and pressure calcite may 
dissolve more rapidly than dolomite causing a relative 
enrichment of calcium ions over magnesium ions in the 
groundwater. In this way variable dissolution of calcite, 
dolomite and gypsum in response to cation exchange controls 
the magnitude of ion concentration variation and molar 
ratios in the groundwater. This is therefore another 
mechanism which could produce the observed variations in 


Ca:Mg molar ratios with depth (table 14). 
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The common ion effect and subsequent response of the 
system by increased dissolution of calcite, dolomite and 
gypsum result in two secodary effects: 

1. Increased bicarbonate ion (HCO,;~) concentration 
Since this is produced during the dissolution of calcite and 
dolomite (equations 13 and 14), 

2. Increased pH because hydrogen ions (H*) are used up 
in the dissolution process. 

The increasing sodium concentrations observed along 
parts of the groundwater flow path beneath the field area 
may, therefore, be explained in terms of cation exchange 
processes. This would be supported by simultaneous decreased 
calcium and magnesium ion concentrations, assuming these 
effects are not masked by the common ion effect or other 
processes occurring in the groundwater flow system. 

Moran et al. (1978a) explain high sodium concentrations 
in water samples from overburden deposits in North Dakota in 
terms of cation exchange processes, since no soluble sodium 
Salt deposits could be identified which could account for 
the high sodium concentrations present in the groundwater. 
The presence of sodium at the exchange sites was attributed 
to the total immersion of the sediment in an aqueous 
solution with a large sodium excess. The origins of the 
sodium rich clays in the study area considered here are not 
known. 

Even though calcium and magnesium are preferentially 


adsorbed over sodium at cation exchange sites, the cation 
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exchange reaction described in equation 16 is reversible. In 
order for the reverse reaction depicted in equation 16 to 
occur, sodium concentrations in the groundwater must become 
high enough to overcome the greater adsorption affinities of 
calcium and magnesium. No reference could be found which 
examines the relative concentrations of sodium, calcium and 
magnesium ions in the aqueous phase with respect to the 
direction of cation exchange reactions. Sodium 
concentrations at the study site reach almost 2900mg/L 
(126mmoles/L)(tables 4 to 6) in water samples from the 
OxiGizedeunl Eunice iwhenscalci umevoneconcentrationeinethe 
Same sample is approximately 450mg/L (1.1mmoles/L). The 
order of magnitude difference in aqueous molar 
concentrations observed here is felt to be sufficient to 
overcome the difference in adsorption affinities, and 
therefore to promote the back reaction from right to left in 
equation 16. The evidence for reverse cation exchange 
occurring beneath the study area is examined later in this 
chapter in reference to the results of specific water sample 
analyses. Hem (1970) states that in irrigated areas the 
exchange of calcium for sodium in soil moisture may proceed 
forward or in reverse at different times, and at any 
particular site may fluctuate extensively. Hence cation 
exchange processes not only occur in the saturated flow 
system, but can also affect the quality of the water before 


it reaches the water table. 
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5.1.6 Denitrification and sulphate reduction 

A number of researchers including Gillham et al.(1978), 
Hendry (1978), and Trudell (1980) have observed sharp 
decreases in nitrate-nitrogen concentrations as groundwater 
passes from shallow to deeper parts of the groundwater flow 
system. The decreases in nitrate-nitrogen concentrations 
were found to correspond with decreased dissolved oxygen 
concentrations and decreasing redox potential (Eh). They 
were attributed to denitrification by nitrate reducing 
bacteria. 

Certain bacteria such as Pseudomonas sp. are able to 
asSimilate nitrate during their respiration process, when 
the amount of oxygen availible is inadequate to meet their 
respiratory requirements. The nitrate assimilation reaction 
by such bacteria was described by Stumm and Morgan (1970) in 
the equation; 

4NO,~+5CH,0+4H*—> 2N,+5CO.+7H20 (a7) 
The carbon dioxide produced by this reaction then dissolves 
in the groundwater to form carbonic acid according to the 
reaction; 

5CO,+5H,0—+5H* +5HCO, - (iicy) 

If equations (17) and (18) are combined the resulting 
equation for the overall denitrification process is; 

4NOGe +5CH.O>— > 2N2 +H: +5HCO,e t2H 70 (19) 
This shows that more hydrogen ions are produced as a 
consequence of denitrification than are used, therefore the 


pH of the groundwater decreases. The bicarbonate 
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concentration of the groundwater increases since these ions 
are also produced. 

The large number of bicarbonate ions produced by the 
denitrification process will affect any carbonate equilibria 
existing in the system through the common ion effect. 
Precipitation of carbonates will result since the increased 
bicarbonate ion concentration increases the rate of the 
reactions; 

Gaz +HCOs7 = —tGaGOrtH- (20) 

CaigutMg 42 220CO% ——.CaMg (CO. patie (21) 
Therefore the observed effects on the groundwater system, 
which accompany the decrease in nitrate-nitrogen 
concentrations will be decreased calcium and magnesium ion 
concentrations, decreased pH, and some increase in 
bicarbonate ion concentration assuming it is not all used up 
in the above reactions (equations 20 and 21). In this way 
calcium and magnesium ion concentrations decrease even 
though the partial pressure of carbon dioxide computed by 
WATEQF increases. 

The removal of calcium and magnesium ions from the 
groundwater can also have the effect of limiting cation 
exchange reactions. However, the secondary effect of 
increased bicarbonate ion concentration which results from 
cation exchange processes does not affect the 
denitrification process because the reaction (equation 19) 


is not reversible. 
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Gillham and Cherry (1978) propose that in order for 
denitrification by nitrate reducing bacteria to occur, 
dissolved oxygen concentrations must be less than 2mg/L 
while Broadbent and Clark (1975) indicate that redox 
potentials must be less than 320mv. However, they also 
recognise that microsite conditions around the bacteria may 
be considerably different from those indicated by measuring 
dissolved oxygen concentrations and Eh at a comparitive 
macroscale. Hence denitrification may be occurring, even 
where dissolved oxygen concentrations or redox potentials 
appear too high. 

Dissolved oxygen concentrations in waters from beneath 
the study site have been seen to range from 0.1img/L to 
4.8mg/L and show little, if any, correlation with depth 
(figure 16). Many of the samples have dissolved oxygen 
concentrations less than 2mg/L which, according to Gillham 
and Cherry (1978), would allow denitrification to occur. 

Sulphate reduction is also a bacterial reaction and can 
be described by the equation; 

SOG 74+CHZOtGH — > H2S+COgtsHeo G22) 
(Stumm and Morgan, 1970). However redox conditions must be 
sufficiently negative (less than -200mv, Bohn et al., 1979), 
to allow this reaction to proceed. Sulphate reduction would 
therefore be expected to occur at depth. 

Hydrogen sulphide, (H.S), which is produced during 
sulphate reduction has a distinct odour of "rotten eggs" 


which can be detected by humans at concentrations as low as 
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10°-*atm. This is therefore a very useful field indicator of 
the sulphate reduction process. Conversely, the absence of 
the hydrogen sulphide odour does not necessarily mean that 
Sulphate reduction is not occuring. The hydrogen sulphide 
produced may react with iron minerals which are present and 
so be removed from the system (Bohn et al., 1979). 

Apart from decreasing the concentration of sulphate 
ions in the groundwater, Sulphate reduction also results in 
an increase in the partial presure of carbon dioxide. The 
carbon dioxide produced in this reaction is dissolved in the 
groundwater according to the equation; 

HeO+COs— eH gt HCOns (23) 
By combining equations (22) and (23) the final equation for 
the sulphate reduction reaction is; 

SOnemaie GH, On mole Ho Sets HCO. 4 2H70 (24) 

The increase in bicarbonate ion concentration which results, 
has the same effect on carbonate solubility as that 
described for the denitrification process. In the case of 
sulphate reduction though, for every five hydrogen ions used 
in the reaction (equation 24), one bicarbonate ion is 
produced. Also for each of these bicarbonate ions which is 
used in the precipitation of carbonates, one hydrogen ion is 
produced. The net effect is therefore to decrease the number 


of hydrogen ions in the system and therefore to increase pH. 


In summary the major chemical and biochemical processes 


which are likely to influence the chemistry of the 
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groundwater as it passes through the flow system are 

1. CO, production in the soil zone; decreases pH. Aids 
the solution of carbonates. 

2. Pyrite oxidation; decreases pH. Aids the solution of 
carbonates. 

3. Dissolution of carbonates; increases Ca?*, Mg’?*, and 
HCO;°> concentrations. Buffers pH. Causes variations in Ca:Mg 
molar ratio. Causes precipitation of gypsum through the 
common ion effect. 

4, Precipitation of carbonates; decreases Ca?*, 
Mg’?*,and HCO,” concentrations. Increases pH. Causes solution 
of gypsum through the common ion effect. 

5. Dissolution of sulphates (gypsum); increases Ca?’’*, 
and SO.,?~ concentrations. CausesS precipitation of carbonates 
by the common ion effect. 

6. Precipitation of sulphates; reduces concentrations 
OfeCa2 a and SO, “as  Maveacheaseamsources for stheshigh 
sulphate concentrations observed. 

7. Cation exchange process; increases Na* and decreases 
Ca*?* and Mg?* concentrations. Causes increased dissolution 
of calcite and dolomite. Increases HCO,° concentration and 
pH through the common ion effect. Occasionally, if 
conditions allow, the reverse reaction occurs with the 
opposite effects. 

8. Denitrification; decreases NO, concentrations. 
Decreases pH and increases HCO,” concentrations. Causes 


precipitation otecalcite and dolomivensDecreasess Ca sand 
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Mg** concentrations through the common ion effect. 

9. Sulphate reduction; decreases SO,?"> concentrations. 
Increases HCO;” concentration and increases pH. Causes 
precipitation of calcite and dolomite. Decreases Ca’* and 
Mg** concentrations through the common ion effect. 

The order in which these processes occur and the 
relative magnitude of their effects determines the observed 


chemical quality of the groundwater. 


5.2 Interpretation of Water Sample Analysis Results 

In an earlier section of this thesis, results of 
chemical analyses were presented for all three sets of water 
samples collected during the summer of 1980. General 
relationships between some of the meaSured variables were 
also observed. The results of both the field and laboratory 
chemical analyses were statistically summarized as means, 
ranges and sample standard deviations of variables within 
each of the four overburden units described (tables 8 to 
ioe 

In this section the changes in some of the measured 
variables and the relationships between them will be 
examined. They will be discussed in terms of the processes 
already described. The general trends in mean concentrations 
of major ion species between the four geologic units, which 
were illustrated in figure 19 will also be discussed in 


terms of these processes. 
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In order to examine the changes in groundwater chemical 
quality which occur within each of the four geologic units, 
the results from the first data set will be used. They will 
be graphically plotted against depth from which the 
groundwater sample was taken, for each of the major 
piezometer nests across the study site. A generalized 
geologic cross section through the overburden deposits 
beneath each of these nests will also be illustrated on 
these plots. 

The results from the first sample set were chosen since 
they include field measurements of pH, dissolved oxygen and 
redox potential (Bh). The results from this sample set were 
proven not to be significantly different from either of the 
other two sample sets by testing the means and sample 
Standard deviations of each of the major ion species within 
each of the four geologic units, against each other using 
the differences of means t-test. 

The dominant groundwater flow direction beneath the 
study site has already been shown to be vertically downward, 
(figures 9 to 11). Changes in water chemistry between point 
source piezometer intake zones at increasing depths beneath 
the ground surface are therefore taken in most cases to 


represent changes occurring along the flow path. 
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5.2.1 Differences between field and laboratory pH 

Field pH of the water samples was seen in the results 
chapter to be consistently greater than laboratory pH 
(figure 14) however, no correlation was found between the 
two measurements. It was suggested that the differences 
between the two pH meaSurements may be the result of 
degassing of carbon dioxide from the sample during 
collection and laboratory analysis. 

In the previous section, one of the major processes 
influencing groundwater quality was seen to be the 
dissolution of carbon dioxide in the soil zone, at partial 
pressures up to two orders of magnitude greater than 
atmospheric partial pressure. Carbon dioxide and therefore 
bicarbonate ions are also produced by denitrification and 
sulphate reduction deeper in the saturated zone of the 
overburden deposits. Carbon dioxide partial pressure values 
with which the water samples from the field area were in 
equilibrium were computed by WATEQF from field pH and 
analytical bicarbonate ion concentrations (table 13). These 
are greater than atmospheric carbon dioxide partial pressure 
for all water samples from the field area probably because 
of the processes outlined above. Contact between the 
groundwater and atmosphere during collection and analysis of 
these water samples would therefore result in the loss of 
carbon dioxide from solution as the sample came to 
equilibrium with the atmospheric partial pressure of carbon 


dioxide. This degassing would cause a decrease in hydrogen 
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and bicarbonate ion concentrations and subsequntly pH would 
increase. Therefore degassing of carbon dioxide seems to be 
a likely cause of higher laboratory pH than field pH. 
Degassing of water samples could also result in the 
secondary precipitation of carbonates if their saturation 
levels became too high. However, no Such precipitation was 
observed during the analysis of the water samples and so the 
degassing was not thought to be a Significant problem with 


respect to altering the total chemistry of the sample. 


5.2.2 Redox Conditions and Biochemical Processes 

Redox potentials of water samples from beneath the 
field area were meaSured during the collection of the first 
set of samples (table 4). A plot of Eh(mv) versus depth from 
which the groundwater sample was taken (figure 16) shows 
little correlation between the two variables due to problems 
in the sampling procedure which have already been outlined. 
All measured redox potentials are low enough to allow 
denitrification (less than 320mv), but none reach the low 
levels necessary for sulphate reduction (less than -200mv). 

Dissolved oxygen concentrations in groundwater samples 
were found to range from 0.1mg/L to 4.8mg/L, showing no 
correlation with depth (figure 16). A number of water 
samples had less than 2mg/L dissolved oxygen which would 
allow denitrification to proceed assuming nitrate reducing 


bacteria and a suitable organic source were present. 
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Figure 22 is a plot of dissolved oxygen concentration 
(mg/L) against nitrate-nitrogen concentration (mg/L) for the 
first set of samples. All samples below the nitrate-nitrogen 
detection limit of 0.img/L are plotted below the dotted 
line. This figure illustrates that even though dissolved 
oxygen conditions would allow denitrification to occur, many 
of the groundwater samples still have quite high 
nitrate-nitrogen concentrations. This may be caused by the 
absence of the bacteria necessary for denitrification. Many 
of the groundwater samples have nitrate-nitrogen 
concentrations which are below the laboratory detection 
limit (0.1mg/L) and some of these samples come from deep 
piezometers at nests where shallow piezometers have high 
nitrate-nitrogen concentrations. If the water at depth 
formerly had a similar chemical composition to the water 
presently higher in the profile, then the denitrification 
process may be inferred to account for the loss of 
nitrate-nitrogen through the profile. Denitrification will 
be discussed in greater detail when changes through specific 
profiles are considered. 

The biochemical process of sulphate reduction is also 
related to redox conditions. All of the groundwater samples 
Mackeduwithwarcircléesonmi1gures 16) hadmthesdistanct odour) of 
hydrogen sulphide when the piezometer was sampled, 
indicating that sulphate reduction is occurring beneath the 
field area. The measured redox potential of these samples 


were all negative. 
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FIGURE 22: Nitrate-Nitrogen Concentration versus Dissolved Oxygen 
Concentration in Water Samples (1st Sample Set). 
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When a water sample is taken from its natural 
environment and brought into contact with atmospheric 
oxygen, Oxidation of reduced species within the water is 
likely to occur. Hence the Eh measurements here, which were 
taken with the sample in contact with the atmosphere, are 
probably considerably higher than the redox potentials which 
exist in situ within the overburden deposits. This explains 
the apparent reduction of sulphates at redox potentials 
higher than is normally possible. Better methods of field 
measurement of redox potential and dissolved oxygen 
concentration are necessary before total confidence can be 


placed in results from field measurements. 


5.3 Changes in Water Chemistry Between Geologic Units 

The changes in mean ionic concentrations of major 
species in the groundwater, summarized from all three data 
sets, are illustrated in figure 19. Mean concentration of 
each species in groundwater from each of the four units is 
plotted against the mean depth from which groundwater 
samples in that unit were taken. Concentrations of most 
major ion species increase from the sands to the oxidized 
till where they reach their maximum concentration in the 
profile and then decrease with increasing depth into the 
buried sands and the non-oxidized till. 

Although mean concentrations of all major ion species 


in the groundwater increase from the surface sands into the 
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oxidized till, the major increases are in sodium 
(42mmoles/L) and sulphate concentrations (25mmoles/L). In 
comparison, increases in calcium, magnesium and bicarbonate 
ion concentrations are quite small at 5.7mmoles/L, 
4,.0mmoles/L and 6.5mmoles/L respectively. pH of the 
groundwater decreases between the surface sands and the 
oxidized till indicating that the concentration of hydrogen 
ions has increased through some process or combination of 
processes. 

The results of the 5:1 extract analyses showed that the 
oxidized till contains greater concentrations of water 
soluble salts than the surface sands, (figures 20(a) to 
20(j), table 15), and that calcium and magnesium, sodium and 
Sulphate ions were present in the highest concentrations in 
the 5:1 aqueous extracts from the oxidized till samples. The 
increase in ionic concentration of the groundwater from the 
sands to the tills is therefore not surprising. Even though 
flow velocities in the oxidized till are so rapid it would 
appear from considering the mean ionic concentrations that 
the groundwater has sufficient residence times to dissolve 
soluble species from the oxidized till. This will be 
considered further when data from each piezometer nest are 
examined individually. 

Dissolution of gypsum between the sands and the 
oxidized tills may account for some of the increase in 
calcium ion concentration in the groundwater however the 


increase in sulphate ion concentration is greater than that 
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for calcium. The lack of calcium to balance sulphate may be 
the result of carbonate precipitation induced through the 
common ion effect by increasing calcium ion concentration. 
Alternatively, the excess sulphate in solution may be 
derived from some other source such as dissolution of 
mirabillite, epsomite or glauberite. The presence of 
Sulphates in the system other than gypsum is difficult to 
assess Since none of the water samples are saturated with 
any sulphate other than gypsum. 

The increase in mean sodium ion concentration in the 
groundwater is the major contributor to the increase in 
total dissolved solids between the surface sands and the 
oxidized till. The till provides an environment where 
smectite 1s abundant, potentially allowing cation exchange 
to occur. This can result in the relative enrichment of 
sodium ions in the groundwater at the expense of calcium and 
magnesium, and could account for the large increases in 
sodium concentration between the surface sands and the 
oxidized till. It could also explain the lack of balance 
between calcium and sulphate ion concentration increases. 

Calcite and dolomite dissolution increases in response 
to the loss of calcium and magnesium from the groundwater by 
cation exchange. This can also explain the slight increase 
in bicarbonate ion concentration as the groundwater moves 
between the surface sands and the oxidized tills, since 
bicarbonate ions are produced during the dissolution 


process. Calcium and magnesium ion concentrations should 
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only increase enough to replace the ions lost to cation 
exchange, so that there should not be any change in the 
observed concentrations of these ions. The observed increase 
in calcium and magnesium ion concentrations from the surface 
sand into the oxidized till indicates that calcite and 
dolomite dissolution iS occurring in excess of the amount 
required to balance the losses from the groundwater to 
cation exchange sites. 

Hydrogen ions are used up during carbonate dissolution 
(equations 13 and 14); this usually results in increased 
groundwater pH. In the generalized cross section (figure 19) 
mean pH of the groundwater decreases between the surface 
sands and the oxidized till. The process or balance of 
processes which caused this decrease cannot be inferred from 
the limited information availible here. 

Once the groundwater passes from the oxidized till into 
the buried sand deposits, mean concentrations of all major 
ion species except calcium and nitrate-nitrogen decrease; pH 
increases slightly. It should be noted that mean ionic 
concentrations for the buried sand deposits were computed 
from water samples taken at sites 1813, 1814, and 1817. The 
means plotted on figure 19 are generally lower than the 
specific ion concentrations at site 1817 because of the 
influence of the lower concentrations at site 1813 and 1814. 
Conversely, mean concentrations are greater than the actual 
concentrations at sites 1813 and 1814. The lower mean ionic 


concentrations in the groundwater within the buried sands 
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than in the overlying oxidized till are probably a result of 
chemical or biochemical attenuation processes. 

The increase in calcium ion concentrations between the 
oxidized till and the buried sands, from 391.5mg/L to 
433mg/L where all other ionic concentrations except 
nitrate-nitrogen decrease, 1S anomalous. When a homogeneity 
of variance (F-test) and difference of means (t-test) were 
Carried out to compare the mean calcium concentrations, the 
increase in concentration was found to be insignificant. 
With the information availible here, no process can be 
invoked which can explain this increase; it is probably an 
undesirable consequence of generalizing the data by 
computing means in order to observe general trends. 

The high nitrate-nitrogen concentration in the 
groundwater samples from the buried sands is a result of 
including the data from site 1817 when computing the mean. 
Whether this nitrate-nitrogen is derived from a local 
geologic source or is the result of agricultural practices 
is uncertain since information on fertilizer application was 
not availible from the farmer. However, recent work by 
Hendry (pers. comm.) has shown that nitrates are present in 
quite high concentrations in tills from the area, indicating 
that a geologic source is likely for at least some of the 
nitrate nitrogen in the groundwater. 

Mean concentrations of all ionic species in the 
groundwater, except bicarbonate, decrease and pH increases 


slightly between the buried sand and underlying non-oxidized 
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till. This general decrease in mean concentrations is the 
result of chemical or biochemical attenuation processes such 
as cation exchange, precipitation, and microbial activity. 
Precipitation of salts seems likely since crystals were 
found in samples of the non-oxidized till matrix taken 
during drilling. These crystals did not respond to acid and 
were therefore not carbonates, however, they were colourless 
and soluble in water and may have been sulphates. 

Surface areas and times of contact between the 
groundwater and the till matrix are greater in the 
UnGracrubedunoOn=Ox1d1zedatin ethane nethesoxidizedeti launit 
where the major paths of water movement are the fractures 
and the porosity is lower than in the non-oxidized till. The 
cation exchange process was therefore expected to be more 
efficientsin the non-oxidized till@thansan theloxidized 
till. No evidence such as increasing sodium concentration 
with depth, is observed in figure 19 to support this 
Supposition. However, sodium concentration in the 
groundwater is often quite high which may induce reverse 
cation exchange. Such a process would initially cause an 
increase in calcium and magnesium ion concentrations in the 
groundwater, although once concentrations became 
particularly high, precipitation of carbonates and/or gypsum 
would occur. No large carbonate crystals were found in the 
non-oxidized till matrix to support this thoery, although 
testing with acid caused considerable bubbling indicating 


the presence of disseminated carbonates. 


AO. Awrlt 


ae 
sonadoxs Wiokten# es 
| he we baad siete atine 8 nod: staegic WA 
¢giavem Les kant! fo=mee fs to valgus ne sate 


5 -_ Py 
»sy sow Ot :(EIaTIS raac agen tta is | =! 


a! 
gold .séevewn! ,aninnodtss ior winters 
; _ 


U 


, 
wa Caaf ever yan bos. sata Hr Bsc! 
: : 7 


138 


The higher mean bicarbonate ion concentration in the 
groundwater from the non-oxidized till than that from the 
buried sands is probably the result of sulphate reduction 
which is known to occur within this unit. The reaction by 
which the bicarbonate ions are produced was illustrated in 
equation (24) earlier in this chapter. 

A secondary common ion effect which results from 
increased bicarbonate ion concentration is the precipitation 
of carbonates (equations 20 and 21), which in turn causes a 
decrease in calcium and magnesium ion concentrations in the 
groundwater. This is probably occurring here, although not 
to a great enough degree to use up all the bicarbonate ions 
produced during sulphate reduction. This precipitation of 
carbonates, in response to sulphate reduction therefore 
accounts for at least part of the decrease in calcium and 
magnesium ion concentrations between the buried sands and 
the non-oxidized tills. 

There is a rapid decline in nitrate-nitrogen 
concentratiion through this part of the profile which is 
probably the result of denitrification. Even though a number 
of shallow samples from across the field area have high 
nitrate-nitrogen concentrations, no sample taken at more 
than 30m beneath ground surface had a nitrate-nitrogen 
concentration higher than the standard 10mg/L which is the 
safe limit for human consumption (Hem, 1970). The 
denitrification process therefore provides an efficient 


natural decontamination mechanism. At present, pollution of 
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the groundwater by nitrate-nitrogen, whether of natural or 
agricultural origin, is not a problem with respect to the 
vertical movement of water. The effects of lateral water 
movement through the buried sand deposits will be examined 


in greater detail later in this chapter. 


5.4 Vertical changes in Groundwater Quality Within the 
Geologic Units 

Results of water sample analyses from the first sample 
set are plotted here against depth and generalized 
overburden geology for each of the major piezometer nests 
across the study site, (figures 23 to 29) These figures will 
be used to illustrate changes in water quality which occur 
as the water moves within each overburden unit. 

The points plotted on these figures represent real data 
so they have been joined by straight lines. However, this 
may give a misleading impression of changes in water quality 
through the deposits. For example, considering the cation 
plot for site 1813 (figure 25(a)) sodium concentration in 
the groundwater appears to increase through the buried sands 
ANGeINCOMGheanOn-Ox101ZeCOmLl thei nemtaLel Oli iCLeascmin 
groundwater sodium concentration observed between the two 
piezometers in the buried sands is extrapolated to their 
base, sodium concentration would actually decrease between 
the upper boundary of the non-oxidized till and the sample 
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FIGURE 23: Changes in Groundwater Chemistry Beneath Piezometer 
Nest 1811. 
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FIGURE 24: Changes in Groundwater Chemistry Beneath Piezometer 
Nest 1812. 
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FIGURE 25a: Cation Concentration Changes in the Groundwater 


Beneath Piezometer Nest 1813. 
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FIGURE 25b: Anion Concentration Changes in the Groundwater 
Beneath Piezometer Nest 1813. 
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FIGURE 26a: Cation Concentration Changes in the Groundwater 
Beneath Piezometer Nest 1814 
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FIGURE 26b: Anion Concentration Changes in the Groundwater 
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FIGURE 27a: Cation Concentration Changes in the Groundwater 


Beneath Piezometer Nest 1816. 
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FIGURE 27b: Anion Concentration Changes in the Groundwater 
Beneath Piezometer Nest 1816. 
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FIGURE 28a: Cation Concentration Changes in the Groundwater 


Beneath Piezometer Nest 1817. 
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FIGURE 28b: Anion Concentration Changes in the Groundwater 
Beneath Piezometer Nest 1817. 
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FIGURE 29a: Cation Concentration Chanaes in the Groundwater 
Beneath Piezometer Nest 1818. 
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FIGURE 29b: Anion Concentration Changes in the Groundwater 
Beneath Piezometer Nest 1818. 
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Such uncertainty exists between all data points shown 
in figures 23 to 29. This could not be overcome because 
financial and time limits existed with respect to the number 
of piezometers which could be installed. The uncertainty 
which exists between data points on either side of the 
overburden geological boundaries is felt to be cosiderably 
greater than the uncertainty between data points within the 
Same geologic unit since the varying grain size and chemical 
properties of the overburden deposits affect the groundwater 
quality differently. For this reason the plots of chemical 
quality of the groundwater beneath the major piezometer 
nests, (figures 23 to 29), will be used to illustrate 
changes in groundwater quality which occur within the four 
major overburden units. Differences between similar deposits 


across the study site will also be examined. 


5.4.1 Groundwater Chemistry Changes Through th Surface Sands 
Piezometer nests 1814 and 1818 (figures 26 and 28), 
each have two piezometers completed in the surface sands. 
The piezometers at 1814 are at 2.8m and 4.4m deep while 
those at 1818 are a few meters deeper at 5.9m and 7.1m. The 
water table at site 1814 was shallow throughout the summer 
of 1980 (April to September), and varied between 2.05m and 
2.33m beneath the surface; at 1818 the water table was at 
3.59m at the time of sampling and fluctuated only O.im 


during the summer. 
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At site 1814 concentrations of all species increase 
through the surface sands. At the base of the sands 
concentrations are some of the highest seen anywhere in the 
study site. Groundwater total dissolved solids concentration 
reaches 11,497mg/L (figure 26(a)), the major contributors 
being sodium and sulphate ions. Calcium, magnesium and 
bicarbonate also attain concentrations greater than 400mg/L. 

Results of 5:1 extract analyses (table 15) showed that 
the surface sands contain some soluble salts which are 
dominantly carbonates and sulphates of calcium and 
magnesium, and sodium. Concentrations in the 5:1 aqueous 
Sand extracts were much lower than those from the tills, 
with the exception of carbonate-bicarbonate, and dissolution 
of carbonates and sulphates by the processes already 
outlined cannot account for the high concentrations observed 
at site 1814. For example, the 6.2meq/L sodium concentration 
in the 5:1 extract from sample 5, taken at 3.0m beneath site 
1814, represents only 142mg/L of sodium in the extract. Even 
assuming that not all of the sodium was removed by the 5:1 
extract, this can hardly account for the sodium 
concentration of over 2500mg/L which was detected in the 
groundwater close to this point. 

Chloride ion concentration at the base of the surface 
sands at site 1814 is high even though no source of chloride 
for dissolution was indicated by the 5:1 extract analysis 
results. Chloride is generally a very mobile yet inert anion 


in the flow system therefore some process seems to be 
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concentrating the dissolved species in the shallow 
groundwater beneath piezometer nest 1814. Hydraulic 
gradients between the base of the surface sand and 
underlying oxidized till indicate that water movement is 
downward from the sands into the till. Hence upward movement 
of more concentrated water from the till below cannot be 
invoked as the cause of the high concentrations at the base 
of the surface sands. 

Ca:Mg molar ratios for water samples from the surface 
sands at site 1814 (table 14), are much less than 1.0 being 
0.44 and 0.49 at 2.8m and 4.4m respectively. Ca:Mg molar 
ratios have been discussed in an earlier section and appear 
to indicate that evaporation and evapotranspiration are the 
processes which are concentrating the soluble species. 
Evapotranspiration by plants removes water molecules from 
the unsaturated zone through selectively permeable membranes 
in their roots. Dissolved species are left behind in the 
remaining water which continues to move toward the water 
table and so concentrations of ionic constituents in this 
water become relatively enriched. Evaporation directly from 
the water table at site 1814 would be impeded by the very 
porous nature of the surface sands which would not allow 
capillary rise of the water to occur, direct evaporation 
from the water table is therefore unlikely to be the cause 
of the low Ca:Mg ratios in the groundwater at the water 


table. 
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Assuming the irrigation water introduced at the surface 
adjacent to site 1814 is pure river water with no 
fertilizers added, its total dissolved solids concentration 
would be close to that of the river, in the order of 
300mg/L. To attain the observed total dissolved solids 
GencenLEatilonmoOneclose tom l,500mg/Ep approximate yeo7.5% Of 
the water introduced at the surface would need to be lost 
through evaporation and evapotranspiration from the 
unsaturated zone so that only 2.5% of the water introduced 
at the surface reaches the water table. This represents a 
minimum percentage since dissolution of soluble salts will 
contribute some of the increase in total dissolved solids 
concentration. Hence, it seems likely that approximately 5% 
of the water added at the surface reaches the water table, 
(pers. comm. M.J. Hendry). 

Even though evaporation and evapotranspiration effects 
in the unsaturated zone appear, from the Ca:Mg ratios, to be 
the likely cause of the high total dissolved solids 
concentrations at the base of the surface sands at site 
1814, a problem still remains; how can the much lower total 
dissolved solids concentrations at the 2.8m piezometer be 
accounted for? The low total dissolved solids concentrations 
and low Ca:Mg molar ratios for samples from this piezometer 
are consistent through all three data sets. No reasons for 
these differences was identified. 

In contrast with the increase in total dissolved solids 


with depth through the surface sands at site 1814, 


qa!l 469 7295930 sh2 a98: suvtoawtD 
ts sebte- eae GPs vewls sdeiesedy ot: 


a3 grant mes) 
7 


obites bir tenet dares \Paviesdoleds 18278 ae ree yes 
to. el, 1? vitae lfesqgs patente? fr oF 20efs te. obi sanaee 
henn bigee sant Ie od?) Je beach ie arf 


Sei! OG) Aan 
oft cov oo iteigbensiogeds bas aoiiepaqaye 20 eT 

e»svhr tnd. 103% 4¢ $6 @Eco gi<s Sef ee sees osiahu sean 

« wssesqngu: > ehdes) te cev ott BeRSReS enat twa G92 -06 .] 

:hie erias-sidpive be etary eee apr eryerrs lina 


luehi® locoee’ wer’ Genedery) 482 26) eate sadn 3m 


BotcGO® CAV Svs 
r3 ylatemknowgge Best giea!s aides Fe) , one IC 7 
aided reves te? andgaee Ooatnya’ ong, Se tntGa Teta aad 50. 
a gibash, 4M aaa Tre 
Sides ds Grid vz RSTO NGSIS S* 11915854 jevVo Heol? nev ea 
cao) \epttes gia edd gov) .casgao ees Sateiyzerny oct ai 
shiice Boeefeedts. iso: ww of? 1g sarng/yieally nt 
cite os <sdeeuagebie et: >. tava? 4a arotie 7 

7 
7 


of 7 i¢Gameig) a4 add. ce enol semianeags catiye vevioam iti 


isso ieee! toe OE tad wod) 144) ames 1 lise wetdorq 5 ate 


atoiisasi snow api loe boviavets info? wol oct S303 basses 


sojantgadg oils ait apeigeas vol WObTe2 beset occ 
70 anggge? Gio aie ean sans, fis dysierxds!: 


oy 


' ae | ae 3 Bek 


| sbeton arian —_. ea 


. 


_ ht + os 
tet.) af 


156 


concentrations of most ionic species change little through 
the surface sands at site 1818 (figure 29). Ionic 
concentrations of calcium and sulphate in the groundwater 
increase a little with depth, suggesting that gypsum 
dissolution may be occurring. This is possible since the 
Saturation indices for site 1818 (table 12) indicate 
undersaturation of the groundwater with respect to gypsum in 
the water samples from the surface sands. 

The constant bicarbonate ion concentration between the 
two piezometers in the surface sands at site 1818 (figure 
29(b)) indicates that no net carbonate dissolution occurs in 
this zone. Calcite solution is probably limited by the 
Saturation level of the water since it is supersaturated 
with respect to calcite by the time it reaches the 5.9m 
piezometer. At this depth the groundwater is just 
undersaturated with respect to.dolomite. In order to achieve 
dolomite saturation, magnesium ion concentration in the 
groundwater must increase, however this was not observed 
between the two piezometers in the surface sands. Dolomite 
solution within the surface sands may, therefore, be supply 
limited. 

Concentrations of all major ion species in the 
groundwater from the surface sands at site 1818 (figures 
29(a) and 29(b)) are much lower than at site 1814 (figures 
26(a) and 26(b)). Hydraulic gradients indicate that flow 
through the surface sands at site 1818 is downward to just 


above the contact with the till where the gradient 
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Stabilizes and at times is reversed. This probably indicates 
lateral flow within these sands just above the contact with 
the underlying oxidized till. 5:1 extract analysis results 
(table 15) show that surface sands at 1818 may have slightly 
lower concentrations of sodium salts and sulphates than the 
sands at 1814 but the difference between the deposits at the 
two sites iS not great enough to account fo the much lower 
concentrations of ions in the groundwater at site 1818. 

Ca:Mg molar ratios for the piezometers at 5.9m and 7.1m 
in the surface sands at site 1818 are greater than 1.0 
(table 14), indicating that the effects of evaporation and 
evapotranspiration are not aS pronounced as at site 1814. 
This is probably the reason for the differences in the 
chemical quality of water samples from the surface sands at 
these two piezometer nests and may be the result of the 
different vegetation types at the two sites. 

In summary, the differences between ionic 
concentrations in the groundwater samples from the surface 
sands at sites 1814 and 1818 seem to be caused by differing 
evaporation and evapotranspiration effects within the 
unsaturated zone. The reasons for this are not certain but 
may result from different vegetation types at the two sites 


and their ability to remove water from the unsaturated zone. 
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59.4.2 Groundwater Chemistry Changes Through the Oxidized 
ihe Alig 

Piezometer nests 1814 and 1816 each have two 
piezometers completed in the oxidized till unit (figures 
Zotavmeands (bm and: 27 lajmandeGb))). sAtcesitem!s i4ethe 
piezometers are at 6.9m and 9.2m below ground surface and 
underlie the surface sands, while at site 1816 the 
Ppiezometers in the oxidized till are at 6.1m and 7.6m 
beneath ground surface; the oxidized till extends to the 
surface. 

At site 1814 (figure 26(a)) total dissolved solids 
concentration of the groundwater decreases between the two 
piezometers within the oxidized till although some ionic 
concentrations increase while others decrease. Calcium, 
sodium, bicarbonate and chloride ion concentrations in the 
groundwater increase and magnesium, Sulphate, and 
nitrate-nitrogen ion concentrations decrease (figures 26(a) 
and (b)). pH of the groundwater also decreases between the 
two piezometers in the oxidized till. 

The decrease in total dissolved solids concentration of 
the groundwater through the oxidized till is probably the 
result of chemical and biochemical effects on water 
previously affected by evapotranspiration, as it passes 
through the groundwater flow system. This is reflected in 
the Ca:Mg ratio which decreases from 0.57 at the top of the 
till to 1.09 at the 9.2m piezometer (table 14). The 


decreasing magnesium ion concentration in the groundwater 
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accompanied by the increasing calcium concentration causes 
this increase in Ca:Mg molar ratio (figure 26(a)). The 
decrease in magnesium ion concentration may be caused by the 
precipitation of magnesium salts or by the removal of 
magnesium from the system through some other process. 
Precipitation of magnesium salts seems unlikely since they 
are uSually more soluble than calcium salts and the increase 
in calcium and bicarbonate ion concentrations indicates that 
calcite is dissolving. Also, precipitation of dolomite is so 
sluggish that supersaturation can often exist for quite long 
periods. In this case, the saturation indices (table 12) 
indicate that the groundwater has considerably higher levels 
of supersaturation with respect to dolomite than those with 
respect to calcite because of its high magnesium ion 
concentration. This may induce the precipitation of dolomite 
in preference to calcite and will have the secondary effect 
of increasing calcite dissolution in order to maintain 
calcium and bicarbonate ion concentrations in the 
groundwater at equilibrium levels with respect to calcite. 
However, this calcite dissolution will only replace the ions 
lost by dolomite precipitation, hence calcite dissolution in 
excess of that in response to dolomite precipitation must be 
invoked in order to explain observed increases in calcium 
and bicarbonate ion concentrations in the groundwater. 

The slight increase in Sodium ion concentration as the 
groundwater moves through the oxidized till at site 1814 


(figure 26(a)) may be the response to cation exchange. This 
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could also explain part of the decrease in magnesium ion 
concentration. The expected decrease in calcium ion 
concentration is being obscured by some other process which 
is producing calcium ions at a greater rate than they are 
being adsorbed. Increase in sodium ion concentration through 
the oxidized till is quite small indicating that cation 
exchange is not occurring to the degree expected ina 
deposit in which 50% of the total clay minerals present is 
smectite (Hendry 1981). This is probably due to the 
confining effects of the fracture system which limit the 
Surface area of contact between the water and the deposit 
and induce rapid flow velocities. 

Chloride ion concentration in the groundwater increases 
through the oxidized till beneath site 1814 (figure 26(b)) 
to the highest levels observed anywhere in the study site. 
This may be caused by some local geologic source of chloride 
ions within the till although local bedrock is not known to 
have high chloride concentrations. The source of chloride 
remains obscure. 

Sulphate ion concentration in the groundwater declines 
quite rapidly through the oxidized till at site 1814 (figure 
26(b)). This decline is probably the result of attenuation 
by physical processes as well as the precipitation of 
sulphates. Gypsum precipitation could be occurring since the 
Saturation indices indicate that the groundwater is 
supersaturated with respect to gypsum (table 12). The large 


decrease in sulphate ion concentration accompanied by the 
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increase in bicarbonate concentration in the groundwater 
initially seems to indicate sulphate reduction. No hydrogen 
Sulphide smell was detected in the samples from the oxidized 
till, although it may have reacted with any iron or other 
transition metals present to form sulphides (Bohn et al., 
1979). The possibility of sulphate reduction occurring here 
cannot be completely ruled out. 

Nitrate-nitrogen concentration decreases through the 
oxidized till probably because of biochemical attenuation 
processes such as denitrification. The loss of 
nitrate-nitrogen is only a few mg/L and so the secondary 
common ion effects of denitrification will not have any 
Significant influence on the system. 

Changes in groundwater chemistry with increasing depth 
through the oxidized till beneath site 1816 are somewhat 
different from those outlined for site 1814. At site 1816 
(figure 27(a) and (b)) concentrations of all major ion 
species in the groundwater, except calcium and bicarbonate, 
decrease through the oxidized till. The uppermost piezometer 
in the oxidized tills at site 1816 is located just beneath 
the water table, therefore evaporation and 
evapotranspiration effects which occur in the unsaturated 
zone may account for the high ionic concentrations of major 
ions in the water samples taken from this piezometer, 
(TDS=10,351mg/L) in a similar way to those described for 
site 1814. This is also reflected in the Ca:Mg molar ratio 


at this piezometer of 0.8 (table 14). The 5:1 extract 
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analysis results showed that the oxidized till contains many 
soluble salts (table 15, figures 20(a) to 20(j)) therefore 
it 1S Surprising that the concentrations of major ion 
Species in the groundwater decrease rather than increasing 
with depth through the oxidized till. The occurrence of some 
physical attenuation process is suggested by the observed 
decreasing concentration of mobile ions in the groundwater 
with increasing depth, such as chloride ion concentration. 
Precipitation of supersaturated species may also account for 
some of the observed decrease in ionic concentrations. 

The anomalous increase in calcium and bicarbonate ion 
concentrations as the groundwater moves downward through the 
oxidized till deposits at site 1816 (figure 27(a) and (b)) 
may be caused by calcite and/or gypsum dissolution. 
Saturation levels with respect to calcite (table 12) 
increase with depth through the oxidized till whereas 
dolomite and gypsum saturation levels are constant. The 
constant dolomite saturation level suggests that the 
decrease in magnesium ion concentration through the oxidized 
till at this site is balanced by the increase in calcium and 
bicarbonate ion concentrations. Calcite solution is more 
likely to be occurring than gypsum solution since the 
bicarbonate ion concentration in the groundwater and its 
Saturation level with respect to calcite increase, whereas 
sulphate ion concentration decreases and gypsum saturation 
level remains constant. Sulphate reduction may also be 


responsible for decreased sulphate ion concentration and 
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increased bicarbonate ion concentration. No smell of 
hydrogen sulphide was detected within the oxidized till at 
Site 1816, although this does not totally preclude the 
possibility of sulphate reduction. Positive redox potentials 
were also detected within these tills so that sulphate 
reduction seems unlikely. 

The decreasing pH through the oxidized till indicates 
that some process is producing hydrogen ions at a faster 
rate than they are being used up for calcite dissolution. 
The two major processes which have been seen to produce 
hydrogen ions are carbon dioxide dissolution and pyrite 
oxidation, but these occur dominantly in the unsaturated 
zone. The process which is producing hydrogen ions within 
the oxidized till is therefore unidentified. 

The observed changes in the chemical quality of 
groundwater as it moves through the oxidized till beneath 
Sites 1814 and 1816 are similar with respect to some ionic 
Species but vary with respect to others. These changes 
represent the net effect of processes and process 
interactions which occur within the oxidized till. No 
definite conclusions can be drawn as to which processes are 
occurring since the relative magnitudes of their effects are 
unknown. However, some speculation on the processes which 
are causing the observed changes in water quality has been 
made after considering the limited information availible 
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5.4.3 Groundwater Chemistry Changes Through the Buried Sands 

Three piezometer nests have piezometers completed in 
the buried sand deposits. Sites 1813 (figure 25(a) and (b)) 
and 1814 (figure 26 (a) and (b)) each have two piezometers 
in a large buried sand lens which is continuous between the 
two sites (figures 5 and 6) and has lateral flow within it 
from north to south. There are three piezometers in the 
discontinuous buried sand and gravel lens at site 1817 
(figure 28(a) and (b)). 

At site 1813 (figure 25(a) and (b)), the upper 
piezometer 1S completed close to the top of the buried sand 
lens at a depth of 15.4m while the lower piezometer in the 
Sands is in the middle of the lens at 19.5m. The water table 
at this site is much deeper than in other parts of the study 
site, at approximately 14m beneath the surface located 
within the oxidized till just above the sand lens. 

Concentrations of all major ion species in the 
groundwater increase with depth through the buried sand lens 
beneath site 1813 (figure 25(a) and (b)), in the direction 
of vertical flow, while pH decreases. This increase in ionic 
concentrations is probably the net result of soluble salt 
Gissolution within the sands 

The ions present in the highest concentrations in the 
water samples from the upper part of the sand lens are 
calcium and sulphate, which were probably derived by the 
solution of gypsum through the great depth of unsaturated 


oxidized till above. Sodium and sulphate concentrations in 
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the groundwater show the most marked increase through the 
buried sands. These may have been derived by the solution of 
sodium sulphate precipitates which Grossman (1968) 
identified in buried channel deposits of the Interior Plains 
region of Canada. When the observed increase in sodium and 
sulphate ion concentrations through the buried sands are 
converted to comparible units, the increase in sulphate ion 
concentration is found to be in excess of that which can be 
attributed to sodium sulphate dissolution, indicating that 
some additional source of sulphate exists within the buried 
sands. 

Part of the increase in calcium and sulphate ion 
concentrations as the groundwater moves through the buried 
sands may be the result of gypsum dissolution within the 
Sands, since groundwater saturation levels with respect to 
gypsum increase slightly through the deposit. Alternatively, 
and probably more likely, the observed increase in 
Saturation level with respect to gypsum may be the result of 
the common ion effect through contribution of calcium by 
Calcite and dolomite, and sulphate from sodium sulphate. 

Increased calcium, magnesium and bicarbonate ion 
concentrations in the groundwater as it moves through the 
buried sands, probably result from the dissolution of 
calcite and dolomite. The slight decrease in saturation 
levels with respect to these minerals is caused by decreased 
pH which increases the ability of the groundwater to 


dissolve calcite and dolomite. 
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At piezometer nest 1814 (figure 26(a) and (b)), two 
piezometers are completed in the buried sands at 14.8m and 
20.3m below ground surface. The saturated thickness of 
deposits above the buried sands is much greater at site 1814 
than at 1813 because the water table here is only a little 
over 2m beneath ground surface. 

Concentrations of all major ion species in the 
groundwater, as well as its pH, increase through the buried 
sand deposits beneath site 1814. Nitrate concentrations are 
below detection limit (0.1mg/L) at this site. There is an 
obvious similarity in the concentration trends through the 
sands at sites 1813 and 1814. The same processes which were 
described for site 1813 will also apply to this site. 

Although similar general trends occur in ionic 
concentration variations in the groundwater as it moves 
through the buried sand deposits at sites 1813 and 1814, the 
absolute concentrations of ions are often quite different. 
In order to illustrate these differences, figure 30 shows 
the groundwater quality changes through the buried sand 
deposits beneath each of the sites, plotted on the same 
scales. The boundaries of the buried sands are located at 
the depths they occur at site 1814. 

Total dissolved solids concentration in the groundwater 
Samples is lower at site 1813 than at site 1814, mostly as a 
consequence of lower sodium and bicarbonate ion 
concentrations at site 1813. Sulphate and chloride 


concentrations in the groundwater are also lower at site 
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FIGURE 30: Changes in Groundwater Chemistry Through the 
Buried Sands. 
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1813. Groundwater calcium, magnesium, potassium and 
nitrate-nitrogen ion concentrations are higher at site 1813 
than i614, 

The observed changes in water quality between sites 
1814 and 1813 in the direction of the lateral flow component 
are a net result of the processes occuring within the sand 
lens accompanied by the input of water between site 1814 and 
1813 both from the oxidized till above and from the 
underlying non-oxidized till. The input of water from below 
is indicated by the negative (upward) gradients that exist 
between the buried sands and underlying non-oxidized till at 
Sites 1814 and 1813, although the upward gradients are 
considerably stronger at 1813 than at 1814, (Alberta 
Agriculture, 1981). Since no information is availible at 
present concerning the amount and quality of the water which 
enters the buried sands at succeSsive points between the two 
Sites, the exact processes which occur within the sands 
cannot be explained. However, it has already been seen that 
water from the non-oxidized till generally has lower ionic 
concentrations than the water in the sands so that the input 
of water from below may explain the decreaSing ionic 
concentrations from site 1814 to 1813, at least at the base 
of the sand lens. 

The difference in water table elevation between site 
1814 and 1813 may be responsible for some of the observed 
differences in groundwater quality between the upper two 


piezometers at these sites. Above site 1814 the zone of 
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unsaturated flow is very small but its thickness gradually 
increases toward site 1813. This may affect the quality of 
the water which is entering the buried sand deposit from the 
oxidized till above. The exact effect of this difference in 
Saturated zone thickness cannot be assessed because 
processes occurring in the unsaturated zone are complex. 
Since obtaining water samples from the unsaturated zone is 
so difficult, it has not been included in the scope of this 
study. 

It is interesting to note that nitrate-nitrogen 
concentrations increase between sites 1814 and 1813. This 
must indicate that some nitrate-nitrogen source is present 
between the two piezometer nests. An irrigated field exists 
at the surface between sites 1814 and 1813 and the observed 
increase in groundwater nitrate-nitrogen concentration 
between them may be the result of excess fertilizers which 
have found their way to the groundwater and into the buried 
sands through the fracture network in the oxidized till. 
Alternatively, some geologic source of nitrate-nitrogen may 
exist within the buried sand deposits. Whichever is the 
case, nitrate-nitrogen concentrations at the base of the 
sand lens are greater than the safe potable limit (10mg/L). 
Unfortunately no piezometers exist which allow samples to be 
collected from further south in the sand lens along the flow 
path to see whether nitrate-nitrogen concentrations continue 
to increase or whether they decrease again by natural 


attenuation or denitrification processes. This should be 
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checked if any further research is undertaken in the area. 
The water table distribution across the site (figure 8) 
suggests that water flowing south in this buried channel 
deposit, intersects an east-west trending channel and then 
flows either east or west to the river. A few samples of 
river water were taken during the summer of 1980 downstream 
of where this buried sand deposit would intersect the river, 
nitrate-nitrogen levels in the river water were found to be 
below detection limits. Nitrate pollution of the Oldman 
River at this point along its channel is therefore not a 
problem at present. 

Three piezometers are located in the discontinuous 
buried sand and gravel lens beneath site 1817 at depths of 
5.7m, 7.0m, and 7.4m (figure 28(a) and(b)). The water table 
at this site ranged between 4.95m and 5.18m beneath ground 
surface during the field season. 

The general trend within the buried sands at site 1817 
is for ionic concentrations in the groundwater to decrease 
between 5.7m and 7.0m, and then increase again toward 7.4m. 
Potassium and bicarbonate ion concentrations showed the 
opposite pattern. 

Dissolution of soluble salts, enhanced by carbon 
dioxide dissolution and pyrite oxidation, probably occur in 
the unsaturated zone within the tills above the buried sands 
and gravels accompanied by the effects of evaporation and 
evapotranspiration on percolating water. Therefore, once the 


water reaches the saturated zone it has already attained 
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moderately high ionic concentrations. Total dissolved solids 
concentration is 8692mg/L at the shallowest piezometer in 
this sand lens. 

Brief examination of the data from the second and third 
data sets (tables 5 and 6) shows that relative increases and 
decreases in concentrations of various ions in the 
groundwater within the buried sands and gravels at site 
1817, were inconsistent through the summer of 1980. For 
example in the results from the second sample set, calcium 
and magneSium ion concentrations decrease consistently 
through the lens while sodium concentration increased 
consistently. This is different to the situation shown in 
figure 28 for the first sample set. This variability through 
the summer, and the variable concentrations with depth 
through the lens may be the result of rapid hydraulic 
connection between the surface and the sand lens through the 
fracture network in the oxidized till, which causes variable 
dilution within the lens in response to discontinuous 
recharge events. Hydraulic gradients within this sand lens 
also vary temporally, maybe for the same reason. 

Processes within these buried sands and gravels at site 
1817 probably include the dissolution of some soluble salts 
since ionic concentrations in the groundwater increase 
between the lower two piezometers, however, the variable 
concentrations of major ion species precludes anything more 
than pure speculation on the processes which may be 


occurring here. 
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59.4.4 Groundwater Chemistry Changes Through the Non-oxidized 
TELL 

Four piezometer nests have more than one piezometer 
completed in the non-oxidized till. These are site 1811 
CEI GUrem23 ye 1SiomGimgure 27(a)Bandm@ (bo ens Iya figurem2siay 
and(b)), and 1818 (figure 29(a) and (b)). There are general 
Similarities between sites 1811 and 1818 where 
concentrations of most ionic species in the groundwater 
increase through the non-oxidized till, and sites 1816 and 
1817 where concentrations decrease through the till. 
Concentrations of all major ion species in the groundwater 
are much lower at site 1811 and 1818 than at site 1816 and 
1817. Possible reasons for this have already been outlined. 

All three piezometers at site 1811 are located in the 
non-oxidized till. Therefore by the time the groundwater 
reaches the upper piezometer at this site it already has a 
characteristic chemistry which results from the dissolution 
of soluble species and other modifying chemical and 
biochemical processes occurring within the oxidized till 
above. 

The dominant species which cause the general increase 
in total dissolved solids as the groundwater moves through 
the non-oxidized till beneath site 1811 are sodium and 
bicarbonate (figure 23). The major part of the increase in 
total dissolved solids concentration occurs through the 
lowenmspant of the nonsoxidized trl sConversely, (most yo£ sthe 
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occurs through the lower portion of the profile. Sulphate 
ion concentration varies very little while nitrate-nitrogen 
concentration is consistently below detection limit and pH 
increases with depth. 

The observed changes in calcium, magnesium, sodium, and 
bicarbonate ion concentrations in the groundwater suggest 
that cation exchange is occurring as the groundwater moves 
down through the non-oxidized tills. Calcium and magnesium 
are being adsorbed onto the exchange sites in return for 
sodium, causing decreased calcium and magnesium 
concentrations accompanied by an increase in sodium in the 
groundwater. 

Increased bicarbonate ion concentration and pH, as seen 
in an earlier section, also result from cation exchange 
because carbonate dissolution occurs in response to the loss 
of calcium and magnesium ions from the groundwater. The 
increase in bicarbonate ion concentration observed between 
the upper and the lower piezometer could therefore be 
explained by this process. 

Other processes which have already been discussed and 
are known to increase bicarbonate ion concentrations in 
groundwater, are denitrification and sulphate reduction. 
Nitrate concentrations in the groundwater beneath piezometer 
nest 1811 are consistently below detection limit so that 
denitrification is in no way indicated. Sulphate 
concentration decreases in the upper part of the profile 


whereas bicarbonate ion concentration increases in the lower 
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portion so that no direct link can be made between sulphate 
reduction and increasing bicarbonate ion concentration 
either. 

The observed changes in groundwater chemical quality 
beneath site 1811 are complex and are the end result of an 
interaction of processes, probably including cation 
exchange. The limited data availible here make it impossible 
to account for the observed changes in detail, only 
speculation of the processes occurring is possible. 

Piezometer nest 1818 (figure 29(a) and (b)) has two 
piezometers completed in the non-oxidized till. At this site 
ionic concentrations of all species in the groundwater 
increase or remain constant as the groundwater moves through 
the non-oxidized till. Dissolution of soluble salts is 
probably the major process which accounts for the observed 
concentration increase at site 1818 (figure 29(a) and(b)). 
No evidence exists for modification of groundwater chemistry 
by processes such as cation exchange or sulphate reduction 
although this is not to say that they do not occur. 

The reasons for the much lower groundwater 
concentrations at sites 1811 and 1818 than at other sites 
across the study site have already been examined. Further 
research is necessary to understand fully why these 
differences exist across the site. Detailed sampling of the 
deposits at sites 1811 and 1818 would be useful so that 
chemical, grain size and biological analyses of the deposits 


could be made. Also, installation of more extensive 
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piezometer nests would be helpful. 

Site 1816 (figure 27(a) and (b)) has two piezometers 
completed in the non-oxidized till. Concentrations of all 
major ion species in the groundwater, except 
nitrate-nitrogen and chloride, decrease as the groundwater 
moves downward through the till. Nitrate and chloride 
concentrations increase very slightly. 

When the upper piezometer in the non-oxidized till at 
Site 1816 was sampled, it had the distinct odour of hydrogen 
sulphide. The redox potentials at this site were -135mv at 
both piezometers in the non-oxidized till. The occurrence of 
sulphate reduction in the non-oxidized till indicated by 
this odour can explain the decreasing sulphate 
concentrations as the groundwater moves through the deposit 
and the occurrence of the maximum bicarbonate ion 
concentration within the profile. The lack of hydrogen 
sulphide odour at the lower piezometer and the decrease in 
bicarbonate concentration between the two piezometers may 
indicate that sulphide reduction occurs dominantly in the 
vicinity of the upper piezometer in the non-oxidized till 
although this is not necessarily the case since the hydrogen 
sulphide may be consumed in the manner described earlier. 
The decrease in other major ion concentrations through the 
profile is caused by physical attenuation mechanisms through 
the matrix of the non-oxidized till and, in the case of 
calcium and magnesium at least, by precipitation of 


carbonates induced by the sulphate reduction process. 
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At site 1817 (figure 28(a) and (b)) three piezometers 
are completed in the non-oxidized till, and in a similar way 
to site 1816, concentrations generally decrease through this 
unit. The smell of hydrogen sulphide was detected at the 
lower two pliezometers at this site throughout the field 
season. The redox potentials were -25mv and -110mv at 26.7m 
and 32.5m respectively, therefore sulphate reduction is also 
CCCUREINndsatetniusmsiters 

The decreasing calcium ion concentration in the 
groundwater and decreasing pH, which usually accompany 
sulphate reduction are not observed in the groundwater from 
the non-oxidized till beneath site 1817. Some other process 
or combination of processes which produces calcium and 
depletes hydrogen ion concentrations in the groundwater must 
be dominating the effects of sulphate reduction so that they 
are not observed as changes in groundwater quality between 
pliezometers. 

There is no evidence of sulphate reduction at the upper 
piezometer in the non-oxidized till at site 1817, therefore 
it cannot be used to account for the particularly high 
bicarbonate ion concentration at this piezometer. However, a 
plot of change in nitrate-nitrogen concentration through 
this profile (figure 31) shows that nitrate-nitrogen 
concentrations decrease markedly through the upper portion 
of the non-oxidized till so that high bicarbonate ion 


concentrations can be attributed to denitrification. 
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Sodium concentrations are high in the groundwater 
Samples extracted from the non-oxidized till beneath site 
1817 (figure. 28(a)), this would therefore be an ideal site 
for reverse cation exchange. This could be the case in the 
lower part of the profile since sodium concentration in the 
groundwater decreases more rapidly than at shallower depths 
and this 1S accompanied by calcium ion concentration 
increase. Therefore the observed changes are the net result 
of sulphate reduction and perhaps some reverse cation 
exchange. 

In summary, the results of groundwater sample analyses 
from piezometer nests across the study site have indicated 
that the processes described at the beginning of this 
chapter are all occurring in places beneath the study site. 
There is often a lack of similarity when changes in 
groundwater chemistry through the same geologic unit are 
examined at more than one piezometer nest. This is the 
result of the interaction of processes within the flow 
system. When the quality of a water sample is analysed, only 
the end result of these process interactions is observed. 
Without knowing the relative magnitude of process and effect 
it is impossible to state with certainty the combination of 
processes which occurred to produce the observed response. 
The best that can be done is to estimate the processes which 
appear to be occurring, having considered the physical 


conditions existing in the system. 
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The next section will briefly summarize the sequence of 
processes which is felt to produce the changes in 
groundwater quality observed through a generalized profile 
beneath the study site. This is a best estimate from the 


data availible. 


5.5 Summary of the Groundwater Hydrochemical Evolution 

Water enters the soil horizons from precipitation, 
snowmelt or irrigation. Precipitation and snowmelt have 
negligible total dissolved solids concentrations while river 
water used for irrigating has concentrations in the range of 
200mg/L to 300mg/L. Fertilizers may be added to this water 
although the amounts and types are unknown. The semi-arid 
climate, means that much of the water is returned to the 
atmosphere through evaporation and evapotranspiration 
instead of reaching the water table, however some water 
continues to percolate down through the unsaturated zone. 
Burnett (1981) estimates that 10cm of the water introduced 
at the surface reaches the water table each year. 

In this unsaturated zone carbon dioxide partial 
pressures are high due to the respiration of micro-organisms 
and microbial decay, and carbon dioxide dissolves in the 
water resulting in a pH decrease. Pyrite oxidation may also 
help to decrease pH. As the pH of the water decreases it 
becomes more agressive with respect to carbonate dissolution 


and begins to dissolve calcite and dolomite. Gypsum, which 
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was formerly precipitated in the unsaturated zone by the 
joint effects of pyrite oxidation, carbonate dissolution and 
evaporation/evapotranspiration, is also dissolved. 

By the time the water reaches the water table it 
already has quite high concentrations of calcium, magnesium, 
sodium, bicarbonate and sulphate ions, as well as some 
potassium and chloride. Sodium cations and sulphate anions 
are uSually the dominant species. Saturation indices with 
respect to calcite, dolomite and gypsum indicate levels 
close to or above saturation at or just beneath the water 
table. 

As the groundwater moves downward, through the 
overburden deposits concentrations of ionic species change 
because of physical, chemical and biochemical attenuation 
processes which affect the groundwater chemistry. Total 
dissolved solids concentrations just below the water table 
are often quite high due to processes occurring in the 
unsaturated zone. The groundwater then begins to flow down 
through the fracture network and matrix of the oxidized 
till. Since the fractures have a very low porosity, flow 
velocities are much more rapid through the fractures than 
through the higher porosity matrix. The rapid movement of 
water in the fractures probably limits the processes which 
alter the groundwater quality in the oxidized till. Some 
processes must be occurring in the oxidized till since total 
dissolved solids concentrations change through this unit, 


often decreasing from the very high concentrations present 
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in the groundwater from the surface sands. This is somewhat 
Surprising since the 5:1 aqueous extracts showed that there 
are many soluble salts within the oxidized till matrix which 
could be dissolved by the groundwater; however, rapid flow 
velocities and supersaturation of the groundwater with 
respect to calcite, dolomite, and gypsum, limit the 
dissolution of soluble species. The decrease in total 
dissolved solids which is often observed through the 
oxidized till is probably due to the precipitation of these 
Supersaturated species. This may also explain the high 
concentrations of soluble salts found in the 5:1 extracts 
Prom=ethewoxildized ctillamatrrx. 

Cation exchange was expected to occur in the oxidized 
Gyliesince: the’ till Sis vichsin ssmectite jphowever» little 
direct evidence of cation exchange is observed, such as 
increasing sodium concentration accompanied by increasing 
bicarbonate ion concentration and pH. Once again this is 
probably the result of the very rapid flow velocities in the 
fractures. Further research into the relative concentrations 
of ionic species in the matrix water and fracture water 
would be desireable to determine the processes which occur 
in the oxidized till unit, and the degree of exchange of 
soluble species which occurs between the groundwater in the 
fractures and the till matrix. 

Groundwater continues to move vertically downward from 
the oxidized tills into the buried sand deposits where ionic 


concentrations of most species at the top of the buried 
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sands are lower than in the oxidized till. Concentrations 
increase again through the buried sands probably because of 
dissolution of soluble salts, and concentrations recover, 
sometimes reaching the levels observed within the oxidized 
till. Lateral flow occurs in the major buried sand deposits, 
and ionic species concentrations decrease in the direction 
of lateral flow. This concentration decrease appears to 
result from differences in the quality of water entering the 
buried sand deposit along the lateral flow path, both from 
the oxidized till above and the non-oxidized till below. 

Once the groundwater enters the non-oxidized tills, 
concentrations of ionic species decrease with depth. This is 
the result of physical, chemical and biochemical attenuation 
mechanisms and the precipitation of soluble salts. Cation 
exchange can occur since residence times are longer and 
areas of surface contact greater than in the oxidized till. 
Denitrification and sulphate reduction are also possible due 
to the low redox potentials and presence of necessary 
bacteria within these deposits. This enhances the 
precipitation of carbonates. 

Bye themt amestheswatemereachesmtnes  Owerspar UseO1etne 
overburden deposits at the top of the Saskatchewan sands and 
gravels, total dissolved solids concentrations have 


generally been reduced to between 2000mg/L and 4000mg/L. 
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5.5.1 Effects of Irrigation Return Flow 

In the groundwater flow diagrams (figures 9 to 11) 
presented in section 2.5, groundwater was seen to enter the 
Saskatchewan sands and gravels and then begin to move 
laterally toward the Oldman River. Therefore the water which 
is entering the Saskatchewan sands and gravels from the 
overburden deposits above at concentrations between 2000mg/L 
and 4000mg/L is also expected to be reaching the Oldman 
River. 

River water samples taken from downstream of the study 
Site have total dissolved solids concentrations in the range 
200mg/L to 300mg/L which are not significantly different 
from those taken upstream of the site. Therefore, at present 
the irrigation return flow does not appear to be adversely 
affecting the quality of the Oldman River. This may be the 
result of further attenuation processes occurring within the 
Saskatchewan sands and gravels which cannot be identified 
here because of the lack of piezometers completed in this 
unit. Alternatively, it may be the result of dilution of the 
return flow water to concentrations beyond detection when it 
enters the Oldman River. 

Natural attenuation processes which occur within the 
overburden deposits, especially the non-oxidized till are 
very important in this groundwater flow system. These 
processes reduce the generally high ionic concentrations 
present in the shallow groundwater which are the result of 


evaporation and evapotranspiration effects in the 
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unsaturated zone as well as dissolution of soluble salts 
Ned mele seODsOlmLNeCmOxPO) ZCOmL IG 

No potential future pollution of the Oldman River by 
irrigation return flows from the study site can be foreseen 
from interpretation of the data available at present. 
Natural physical, chemical and biochemical processes within 
the overburden deposits are keeping potential problems under 


COnNcrol. 
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6. Summary and Conclusions 


The major findings of this study are summarized here; 

(1)The study site, which is situated in southern 
Alberta, comprises a hummocky plain underlain by up to forty 
meters of laterally and vertically variable Laurentide 
glacial deposits. 

(2)The general sequence of overburden deposits from 
surface to bedrock is; 

1. Surface outwash sand 

2eeOxidizedeiractured tall 

3. Buried outwash sand 

4, Non-oxidized unfractured till 

5. Saskatchewan sands and gravels 

6. Bedrock 

(3)Mean hydraulic conductivities for these units vary 
over four orders of magnitude. The surface sands have the 
greatest mean conductivity (1.3x10°*cm/sec), while mean 
conductivity in the buried sands is 1.1x10°‘cm/sec. The 
oxidized and non-oxidized till have mean conductivities of 
7.1x10-*cm/sec and 5.9x10°-’cm/sec respectively. Conductivity 
of the non-oxidized till decreases slightly with depth, from 
7.9x10-’cm/sec in the upper parts to 5.0x10°’cm/sec deeper 
in the unit. Hydraulic conductivity of the locally 
unsaturated Saskatchewan sands and gravels was found from 


one single well response test to be 6.5x10°>*cm/sec. 
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(4)The elevation of the water table varies little 
across the study site except for a depression in the 
southeast which is the result of drainage through a buried 
channel sand deposit. The water table is generally 2 to 5 
meters beneath the surface. 

(5)Flow direction through the glacial overburden 
deposits is dominantly vertically downward. Water entering 
the large buried sand lens beneath piezometer nests 1813 and 
1814, flows south toward the edge of the buried preglacial 
Oldman River Valley and then flows either west or east 
toward the river. 

(6)Flow velocities in the overburden deposits are 
generally quite rapid since they are induced by low 
porosities. Fracture flow in the oxidized till is especially 
rapid since the fracture porosity is very low (2x10°-%) and 
flow velocities may reach 6x10°>'m/day. 

(7)5:1 aqueous extracts from bulk samples of surface 
sands and oxidized till show that the till matrix contains 
much greater concentrations of water soluble salts than the 
sands. 

(8)Groundwater chemical quality within the saturated 
zone of the overburden deposits is highly variable. 
Concentrations of all ionic species are significantly lower 
in water samples from the deposits beneath sites 1811 and 
1818 than those from across the remainder of the study site. 


The reasons for this remain unclear. 
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(9)Groundwater field pH is consistently lower than 
laboratory pH. This probably results from degassing of 
dissolved carbon dioxide during transportation, storage and 
analysis of water samples. 

(10)Results of dissolved oxygen concentration and redox 
potential measurements performed in the field show no 
correlation with depth of sample or with each other. 
Measuring these variables with the water sample in contact 
with the atmosphere probably affects the samples. A flow 
cell technique would have been desireable. 

(11)Partial pressures of carbon dioxide with which the 
water samples were in equilibrium are all greater than 
atmospheric pCO,. Processes occurring in the overburden 
deposits which produce carbon dioxide, such as respiration 
of micro-organisms, denitrification and sulphate reduction 
are probably responsible for this. 

(12)Ca:Mg molar ratios in the groundwater are often 
less than one in the shallow saturated zones, caused by 
evaporation and evapotranspiration effects on the 
groundwater in the unsaturated zone above. Ca:Mg molar 
ratios increase with depth through the sequence of 
overburden deposits. 

(13)The highest total dissolved solids concentration in 
the groundwater from beneath the study site is found in 
samples from just beneath the water table. This is probably 
due to the concentrating effects of evaporation and 


evapotranspiration in the unsaturated zone above. 
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(14)The combined effects of pyrite oxidation, carbon 
dioxide dissolution, calcite and dolomite dissolution and 
evapotranspiration in the unsaturated zone lead to the 
precipitation of gypsum during periods of water deficit. 
This is subsequently dissolved by percolation water during 
recharge events. 

(15)Saturation of the groundwater with respect to 
calcite, dolomite and gypsum is attained just beneath the 
water table, indicating the presence of soluble minerals in 
the unsaturated zone. 

(16)Sodium and sulphate are the ions present in the 
highest concentrations in the groundwater over most of the 
study site. Other major ions present in the groundwater are 
calcium, magnesium and bicarbonate. Nitrate-nitrogen and 
chloride are locally present in high concentrations. 

(17)Concentrations of most major ion species present in 
the groundwater decrease through the overburden deposits by 
physical, chemical, and biochemical attenuation processes 
such as precipitation, cation exchange, denitrification and 
Sulphate reduction. 

(18)Local increases in the concentrations of ionic 
species along the groundwater flow path sometimes occur, 
such as by the dissolution of soluble salts through the 
buried sands. Bicarbonate ion concentrations in the 
groundwater increase through the non-oxidized till since 
bicarbonate ions are produced by denitrification and 


sulphate reduction. 
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(19)Cation exchange and the dissolution of soluble 
Salts does not occur to the degree expected in the oxidized 
tills. This is probably caused by the rapid flow velocities 
through the fractures. 

(20)By the time the groundwater reaches the 
Saskatchewan sands and gravels, total dissolved solids 
concentrations are generally in the order of 2000mg/L to 
4000mg/L, this is significantly lower than the 11500mg/L 
concentrations observed just beneath the water table. 

(21)Nitrate-nitrogen concentrations in the groundwater, 
which are often a problem in irrigation return flows, do not 
pose a contamination threat to the Oldman River at this 
Site. Locally, nitrate concentrations reach 500mg/L in 
buried sand deposits and this nitrate may have been derived 
from the tills above, however, natural denitrification 
processes within the nonoxidized tills rapidly reduce these 


Nitrate concentrations below detection limit. 
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Appendix; Hydrogeologic Borehole Logs 


15 


Project TABER IRRIGATION RETURN FLOW | Reference elevation...732-8 


ee mew eet eee see ewer ree e we nee eeeeeseesssseesasessecsesesercercssscsccssescsss TERMI EUIISNY VIS VUrivsl ...'. Mee eee. 


Type of driiling... Rotary Contractor Alta. Environment Surveyed 


seeseeeteeeteceecees UVORTPOCTOR fo. co. mrt e eres See Elevation type: Altimeter (J 
Rice. Aner 10005 eneesameceee: Logged by Moc: ,stal...... WP" From mop C2 


Drilletluid ms (ene Checked by......................... Date drilled. dune. 29,1978... 


wee ewer eecesssccsesererseseecers 


Completed 
Construction 


Lithology Comments 
Date of Completion 


Type of Intake 


GROUND SURFACE 


TILL: olive brown sandy clay till, [ 
becoming ©. 
grained at 2.4m. 


C April 1979 
: e--Sand to Fine ora ites : Fiberglass wrap 
mavens ~ dG Vv 5 
Primarily quartz grains. 6.6 Fiber eee 
> Stltstone interbedded ergiass wrap 
with brown shales. April 1979 
Shales vary in hardness Fiberglass wrap 
from hard to soft and are often April 1979 


carbonaceous. 
Bentonitic sandstone fro 
6p Omcome lms = 
Thin soft coal layers at 
6.6m, 7.1m and 12.8m. 


Fiberglass wrap 


30.5 


Borehole terminated at 30.5m in 
siltstone. 
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HYDROGEOLOGIC LOG So SveMeetoh 


Project ..TABER IRRIGATION RETURN. FLOW Reference elevation..733.1.... 


SHOR He Cee OH eee emcee ee maar sees ese Heese ss eeeeeeeee SEES eeSSeeeeseessesessesess 


Type of drilling . Rotary Contractor Alta. Environment Surveyed EX) 


GE SMO se ET Ska ht Se ire can are aa Elevation type: Altimeter CJ 
Rig shi tel 000s a aunatertnies Logged by M-C-, et ale From map CI 


eee ee ee cesesccecccccccces es WEIN BZ on cece ccccc ccc ce cceccccce EAU E Me NEE PEON. cc cece e cee wesc ee eererere 


Seem eee ce Face rece rere es enews eee ee eee ewes saree ee eae sess reese er see esse seuss SESE Ssessesssesesseseersasece 


Completed 


Lithology Construction 


Comments 
Date of Completion 
Type of Intake 


GRCUND SURFACE 
TiTl: olive brown sandy clay i 


SAND AND GRAVEL 


*: 
Q 
Q) 


6, 1 |Stratigraphy 


6.1 4° 
interbedded siltstoneg-- 


STETSTONE: 


Minor shale bed from 10.4m to 
10.7m. 


interbedded brown 
siltstones 


SSTSMONES 


June 1978 
Fiberglass wrap 


June 1978 
Fiberglass wrap 


June 1978 
Fiberglass wrap 


SANDSTONE: 


very fine grained 
sandstone. 


30.5 |. -= 
Borehole terminated at 30.5m in 
sandstone. 
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HYDROGEOLOGIC LOG = |" roceia Sota 


Project TABER IRRIGATION RETURN FLOW Reference elevation...764.4.... 


Oe i ia ee i ee eee ee ee ad 


Type of drilling ...Rotary........ Contractor Alta..Enyironment.. Surveyed EW 
Elevation type: Altimeter CJ 
sisio isin (x binl ewww serewrs/eieloleicinie'= From map =] 


Drillatinidavatere: =). eee Checkedabysen tee: ee te Date drilled. June 30,1978... 
Purpose of hole Stratigraphic. control.and ground water observations... cceeeeeececeeeeee 


Completed 
Construction 


Lithology Comments 


Date of Completion 
Type of Intake 


GROUND SURFACE 


Ce 


SAND AND GRAVEL: ¢. sand and 
gravel. 


dark grayish brown 
c. sandy clay till 
becoming a denser dark 
olive grey f. 

sandy clay till at 7.0m. 
Thin (0.2m) gravel layer 
hs Jul Shine 


A March 1979 
TILL: olive gray c. Well screen 
sandy clay till. 
March 1979 
Well screen 
SAND AND GRAVEL: c. March 1979 
sand to f. gravel, primarily Well screen 


quartz and granitic grains, 
occasional coal chips. Zi oll 


SILTSTONE: siltstone with thin 
interbeds of brown shale 
throughout. 

Major shale beds (1.0 
m and 0.3m thick) at 32.0m 
(containing carbonaceous and coal 
layers) and 55.8m. 
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> continued 


Thin coal layer at 45.1m. 


Hard sandstone bed (0.3m) at 
55.8m. 


Borehole terminated at 61.0m in 
siltstone. 
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BOREHOLE  No.1811-F-1.... 
2 ay 2 


Reference elevation...764.6 


Surveyed 
Elevation type: Altimeter CJ 
From map [J 


Completed 
Construction 
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Project ..JABER IRRIGATION RETURN. FLQW. oo. ..c22.-..-.-oecceccosescce Reference elevation..776.1.... 
Type of drilling...Rotary Contractor Alta. Environment. ; Surveyed EX) 

f Elevation type: Altimeter CJ 
Rig pA L000, | inte Logged: byM.Gs;.et al........... He es mop C1] 
Drilinfluid.. Watenag. Beretta Checkedeby @=. peeae waar Date drilled June .30...1978..... 


Completed 


Lithology Construction 


SILT: clayey sandy silt 0 ‘a 
E Gt BS 
AND: f. sand 3 


TILL: olive clay till becoming 
blue-gray clay till at 
12.2m, coal chips through- 
out. 

Coal layer (0.6m) 
encountered at 10.1m. 


Comments 
Date of Completion 
Type of Intake 


Stratigraphy 


ee 


April 1979 
Fiberglass wrap 


June 1978 
Fiberglass wrap 


March 1979 
Well screen 


Encountered boulder at 27./m. 


June 1978 
Fiberglass wrap 


SAND AND GRAVEL: c. 
sand and gravel 


soft 436 F 


HALE:br.carb. shale mat 
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Surveyed Da 
Elevation type: Altimeter CQ 
weececeucs From map OC) 


A ek eaaely ae ip Alga Date drilled. June. 30,.1978.... 


Or it ree ee 


SOO e eee seems eee eee SOS eee EEE Tess eeeeeee SHES EEE HE SESE EE EE SESS EHS SSE ESSSSESSES SESE EEESESESSSSESE ESS 


Completed 
Construction 


Comments 


Date of Completion 
Type of Intake 


SILTSTONE: continued 2 une 1978 
—ae Fiberglass wrap 
.c. siltstone = 


thin carb, shale at 46.9m 


SANDSTONE: f. 
sandstone, soft. 

Thin, brown siltstone at 51:5m. 
Thin, hard shale at 57.6m. 


49.4 


Borehole terminated at 61.0m in 
sandstone. 
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HYDROGEOLOGIC LOG 


Project.....JABER IRRIGATION RETURN FLOW Reference elevation...776-2 


emcee ecerceese 


Type of drilling Rotary Contractor Alta. Environment. ; Surveyed 1X) 
- FA 1000 Ha a Elevation type: Altimeter [] 
Ra yA C seers Actin! RENE ann a Beinn ae Logged by":&:> et at... From map CJ 


weer wes eter eee seccccccccec es WISIN BY 2c cece ence ccc nc cceccccee SFU WETS. me ee ee 


Pee meee ee ret heme eee meee en ewes ee ete EHO ew em re ease ee Hee e ee esse ess eea tees see SSS SESSSESSeeseeseseeeereseses 


Completed 


Lithology Construction 


Comments 
Date of Completion 
Type of Intake 


GROUND SURFACE 


TILL: grayish brown sandy clay 
till becoming denser at 
2.4m. At 11.0m till 
becoming sandier. 

Thin coal layer at 2.9m. 
Minor gravel layer at 7.6m. 


June 1978 
Fiberglass wrap 


SAND: c. sand with minor interbeds 
of gravel. 


ME 


March 1979 
Well screen 
very dense dark grayish March 1979 
brown sandy clay till. Well screen 
Gravel lenses encountered [O- 
at 32.0m, 35.7m and 37.8m. O 
Boulders (?) encountered atlog 
21.2m and 24.7m. DO SZ June 1980 
' Well screen 
SZ 30.2 March 1979 


Well screen 


June 1978 
Fiberglass wrap 


GRAVEL: consolidated gravel with 


minor c. sand. 41.4 


June 1978 
Fiberglass wrap 


ae ee 


SANDSTONE: soft to very hard silty 
sandstone. 


ind Wed ered We eg ar wr 


- 7 7 —_ ; eo ee ee a : = 


>= 


Soe] 
po ret 


we 
net » 
> tee-@ * 


¢ 


> 4d ee OP 


aia 
| 


ert 


s 4 
ef teet, SR 


jemtee’ HiPaeey | evs 


far 
Cf 
are? Ie 
§ | | GA x 7 


; . 
ei 7 : 
rT yer ore ow 
> ee ase 


ane 


202 


HYDROGEOLOGIC LOG = [Erase teh 


ery, TABER IRRIGATION RETURN FLOW = Reference elevation..776.2.... 

Type of drilling Rotary Contractor Alta. Environment _ Surveyed 
; Elevation type: Altimeter CJ 
Riggs (Ae. 1000 2 a Logged by™-C:, et al... From mop CJ 


weet eet cee ecesceeccccccc es WEI WINN BY 2c ccc mene e cre cece rece cee EAU EE SUP we Meee ce ccc ceesesece 


Dee et eee eV eee bee eee ere ee eee ee ee ee eee et Ow mm eer e ware eee eee ee en tesa senate eee SSS SSSSESeseessseseseseeseeeserere 


: | somata | 
: a 
2 
Lithology = 
wo 
45 


SANDSTONE: continued se 
~ Coal seam (0.3m) at 45.4m. a 
Bentonitic sandstone from 45.4]. 
m to 50.9m. = 
Shale interbeds from 5155m to [-~° 
54.5m. Bly JE 
SILTSTONE ae 
5Secule 
SANDSTONE: c. sandstone 61.0 
Borehole terminated at 61.0m in 
sandstone. 


Completed 
Construction 
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BOREHOLE No.1814-E-1.... 
Povey ero eae. 


HYDROGEOLOGIC LOG 
Project....... TABER IRRIGATION RETURN FLOW Reference elevation...773.8 


Type of drilling Rotary.......... Contractor Alta..Envjronment. Surveyed DQ 


: Elevation type: Altimeter (_] 
ip te die Logged byM-C-, etal aE Neon ib Le) 


“bya. pene ea Date drilled. July..2..1928...... 


et eee eee eee eee ee eee. ere eee ee eee ee eee ete eee eee eee eee eee eee ee ee eee ee 


Completed 
Construction 


Lithology Comments 


Date of Completion 
Type of Intake 


GROUND SURFACE 


TILL: olive becoming pale.olive 


— = eae 


at 2.4m, dark grayish brown] mor 2.3 June 1980 = 
at 3.6m amd olive gray at Sa 2.8 'f Well screen 
8.2m sandy clay till. = June 1980 
Coal chips encountered from}* L><| —— 4.4 Well screen 
3.6m to 8.2m. - ae June 1978 
m. sand layer from 2.7m to S21 6.9 J tA ea elle 
3.6m une 1980 
age Well screen 
Sale ne 1978 
e 9.2 sterasace wrap 
: f. to m. sand with interbedq 
par See Ae March 1979 
of gravel. ' cro ott Mijeit tccreen 
Bx 20.3 March 1979 
Well screen 
very dark gray c. sandy 
Clavaciilulre 
Gravel layers (0.2m and Sc|——24,8 | dune 1978 


0.6m) encountered at 26.5m Well screen 


and 36.0m respectively. 


March 1979 
Well screen 


w 
mM 
oO 


pet h 


GRAVEL: consolidated gravel 
primarily composed of 
quartz and granitte 


material. 


June 1978 
Fiberglass wrap 
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HYDROGEOLOGIC LOG 


_....JABER IRRIGATION RETURN FLOW Reference elevation..773:8.... 

Type of drilling ..Rotary ..... Contractor Alta. Environment _ el : Surveyed iS 
; evation type: Altimeter 

Rige-- EAE 000s erates Logged by M.C., et al. From map [7] 


eee eseweesscceesccccceces es WHINE BY 2. cece ewwcc cece sccccccccs TSUN MEE PEE cee Meee eco w coer ecces 


rere terer irs See ere ree er rece er reer ees Cee e eer ee eee eee eee eee ee eee eee ee eee ee eC eee eee ee eee eee eee ee 


> 
<= 
a 
2 
Lithology ia | somal | 
2 
w 


Completed 


Construction 


Type 


SILTSTONE: continued 
Dark br. siltstone with thin| 
dark br. shale beds at 44.5mb— 
46.5m and 54.6m. ‘ 
Thin coal layer at 54.6m. 


54.6 
SANDSTONE: soft sandstone with = 
6.3m thick shale layer]:~- 
at SStom. 


60.0/'.-: 


SILTSTONE 61.0F- || 


Borehole terminated at 61.0m in 
stitstone. 
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BOREHOLE No.1815-E-1 


HYDROGEOLOGIC LOG E NovEISE 


2 
Project .....TABER IRRIGATION RETURN FLOW ooo. eee Reference elevation ..763.2.... 


Type of drilling ...Rotary........ Contractor Alta.. Environment... Surveyed [Ki 


é Elevation type: Altimster 
Fin atAMLOOON ela WEE CA Ree Pe eS 


Drill, fluid MesER Sere Gheckedtpy =. eeerr ene Date drilled. July 2.1978... 
Stratigraphic control and ground water observation. 


Date of Completion 


£ 
s| Sample 
Lithology 2 
o 
a Type of Intake 


GROUND SURFACE 
: dark grayish brown becoming —— 
olive at 1.2m 
c. grained sandy clay till bY 
Gravel (0.3m) layer at 
12m 
sand primarily composed ofp 
quartz~and grapitic 
mateetal. ~ 
14.6 |= 
SANDSTONE: c. grained sandstone. |. 
Bentonitic from 23.5m to |" 
25.6m. “ 
Thin (~0.3m) soft coal a March 1979 
hoe Well screen 
25.6m. ao 
SILTSTONE: 
28.7 
SANDSTONE 
32.0 
SILTSTONE: interbedded siltstones,}- 
minor carbonaceous . 
streaks. = 
Hard sandstone bed fromb—=~ 
35.7m to 36.3m. 
DSTO a 


Completed 
Construction 


Comments 


NX 
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BOREHOLE No..1815-E-1... 


HYDROGEOLOGIC LOG Pagenceof.coen 


Project TABER IRRIGATION RETURN FLOW Reference elevation 763.2 


Ce ee ee ee ee. Pee er ee Oh nk ee eee ee er 


Type of drilling. Rotary Contractor Alta. Environment, . ee Surveyed i 
evation type: Altimeter 
Rigu. [A 1000 ee Logged byM.C:, et al... al rates mop CJ 


Drill fluid, Water Checked by... Date drilled. July 2.1978 
Purpose of hole Stratigraphic. control.and. ground water observation. 


eee ccr ees ccocorscseseereseosesce 


Completed 


Lithology Construction 


Comments 


SANDSTONE: continued - 
m) shale at 43.6m, 46.9m 


SANDSTONE 


SILTSTONE: interbedded siltstoneg’ 
Hard shale layer from 58.8m 
to 59.4m. 


59.4 


SANDSTONE 61.0 a 


Borehole terminated at 61.0m in 
sandstone. 
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BOREHOLE No.1816-E-1..... 
ROGe «i Ohne. 


HYDROGEOLOGIC LOG 


eee ce cee weceee 


Type of drilling. Rotary Contractor Alta. Environment. Pi i co purueyed fe 
evation type: Altimeter 
Rig pe Ee Os OOO) re eee Logged byM-C., et al Secnnecees From map (J 


Pe AMeler pew n tChecked by cesta te Date drilled. July 2,..1978 |... 


Peewee ee eee wed eee reece ee eee eae eee ee eee Maser ee ee eas eee a essere nesses eeesass sss sees eesssesesesseseeseseseses 


Completed 
Construction 


Lithology Comments 


Date of Completion 
Type of Intake 


GROUND SURFACE 


—— OC 


TILL: olive becoming dark gray 
sandy clay till at 9.8m. 
Thin coal layers at 10.7m 
and 25.0m. 


June 1980 
Well screen 
J 980 
alike ecreen 


April 1979 
Fiberglass wrap 


May 1979 
Fiberglass wrap 


June 1978 
Fiberglass wrap 


FRORT REEVE ARETE RROOH CERNORONES SEWOR OREN CREO 


SAND AND GRAVEL June 1980 
TILL: dark gray sandy clay till, Well screen 
dense. 
Thin coal layer at 36.9m. 
Thin gravel layer at 35.4m. 
June 1978 


SAND AND GRAVEL: cc. sand and Fiberglass wrap 


gravel o 
occastonal coal chip. 
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BOREHOLE No..1816-E-1... 


Poges-2.0f..2... 


HYDROGEOLOGIC LOG 


Project....... TABER IRRIGATION RETURN FLOW. o.oo... cconeecess Reference elevation..775,0.... 
Type of drilling. .Rotary ...... Contractor Alta...Environment.. anys a oreey ee we 
. evation type: Altimeter 
Rigucn.. Fi A COO veces Logged byM-C-, et al. From map CJ 
Drill fluid...... Wale Mag sii tee Checkediby ssa Date drilled. July 2.1978... 


re Serer reer re ere er ee eee ee eee eee ee eee eee eee re ere ee ee eee ee eee 


Completed 


Construction Comments 


SAND AND GRAVEL: continued 46.3 
SILTSTONE: soft siltstone 48.2 


SANDSTONE: bentonitic sandsto a 
SILTSTONE: interbedded siltstones, 
brown carbonaceous 

streaks throughout. 

Thin coal seam at 54.3m. 


—_—_—— —___ —- 


SANDSTONE: f. grained 


bentonitic sandstone. 


SILTSTONE: 


Borehole terminated at 61.0m in 
siltstone. 
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JABER IRRIGATION RETURN FLOW ll. Reference elevation...773;5... 


Type of drilling... Rotary Contractor Alta. Environment Surveyed OO) 


Ree ee eee ON TOC Ole ee eer vente Elevation tvoecealimatech (3 
Ride Ene 1000 are. Logged byM.C., et al. From map (J 


ere 00 LE eae =e at CHECKEGEDY we ee ecce eee Date drilled. July. 3,.1978...... 


: | somata | 
<£ 
a 
0 
. — 
Lithology = 
ee 
o 
. he 
-_ 
w 


GROUND SURFACE 
TILL: olive becoming grayish brn 
sandy clay till at 4.3m. 


Completed 
Construction 


Comments 
Date of Completion 
Type of Intake 


Gravel layer from 4.0m to 
4.3m. 

June 1980 
Well screen 


pierotass wrap 


elf Screen 


L: olive sandy clay till, 
Thin gravel layers at 10.4m 
14.0m and 19.5m. 


March 1979 
Well screen 


TILL: olive gravelly clay ti 
June 1980 
Well screen 


March 1979 
Well screen 


ollve sandy Clay 


Olive gravelly clay 


GRAVEL: 


TILL: dark gray silty cla at 
TILL: dark gray sandy clay till. 
Thin gravel layer at 34.7m. 


March 1979 
Well screen 


June 1978 
Fiberglass wrap 


GRAVEL: gravel and occasional 


coarse sand. p 
40.6 Ro: 


SILTSTONE: It. brn. to blk. 


June 1978 
siltstone. 


Fiberglass wrap 
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BOREHOLE No.1817-E-1 


Vette ewe ceee 


Peores POE REL TIS: Gad LUNE RETURN GEL OWniee cere ce Re ne Reference elevation...773.4.... 


Type of drilling Rotary... ContractorAlta.. Environment... St 6 Suryeyed fe 
: evation type: Altimeter 
Rider EA. om LO00 stm, fateene Logged by MCeyetee le ene From map [J 


eee meer cececcccccccccccsen ss WHIM UN BY 2. ccc cc crcccccc cee cccccccs EXD EE PEDO nc cece cece cer oe ees oscsece 


a 
OS a. ies Se ane eee St te ee er ee err ee ee re or ro sy 


Completed 
Construction 


SILTSTONE: continued 
; Thin coal seams at 40.8m, 

41.8m and 44.5m Acco La 
SANDSTONE: bentonitic sandstone. 

§2.40-— 

SILTSTOBE: interbedded siitstones Fag 

containing coal from 52.4m 

tonosmom 

Thin (0.6m) shale bed at 

60.3m. 
Borehole terminated at 61.0m in 
siltstone. : 


Stratigraphy 


| 


"PRES yh tal, sity 
es ic 


5 een tetas q 
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é og Gee 
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Ad #048 78 Yatentarad wfongnd 
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Caw 


HV DROGEOLOGIG jwec ade eis aes 


Projecticssc~. co ABERMIRRIGATIONORETURN SELOW Jeg scosdzesaroce. Reference elevation ...774,3.... 
Type of drilling... Rotary... ContractorAlta.. Environment... ; Surveyed 1) 

FA Elevation type: Altimeter CJ 
Rig .......FA. 1 OCT Rarer: Logged by ...05¥, et al... From map CJ 
Drill siuid Waterman ee Checked by..-..2...-......s.-.-. ‘Date drilled s.July. 4.1978... 


Purpose of hole ..Stratigraphic control and ground water observation 


Sera s t hee i ee ek et id be Sa 


Lithology ; | somate | 
Isso 
wm 


GROUND SURFACE 


SAND: m, sand primarily composed 
of feldspar, quartz and coal 


Completed 
Construction 


Comments 


Date of Completion 
Type of Intake 


ratigraphy 


—- ————  ———_——_ —_— 


June 1980 
Well screen 


June 1978 
Fiberglass wrap 


RAVEL: C.gravel to boulders. BEA S:; 
TILL: sandy clay till, soft. 


June 1978 
Fiberglass wrap 


March 1979 
Well screen 
TILL: sandy clay till, dense. 
Gravel layer (0.7m) at : 
40.8m. : 
Coal layer (0.3m) at 37.2m a) = 
Bentonitic clay (0.3m) at |< A 
28.7m. 4 
3 
= 
March 1979 
Well screen 
7 
June 1980 ~ 
Well screen =| 
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BOREHOLE No.1818-E-. 
Page. -..0!..4.2 


HYDROGEOLOGIC LOG 


Project... TABERSERRIGATION RETURNS FLOWS oo... cs..cce Reference elevation..774-3.... 

Type of drilling Rotary 3... Contractor Alta. Environment. Seetian & mur deyed EB 
° evation type: Altimeter 

Rig ifm 10008 oe ., Logged by2SWs et al. From map LJ 

Drill fluid...... Waterec: 22 = Checkedibyten se Date drilled... July 4, 1978 


Purpose of hole ..Stratignapbic..cantrol.and. ground. water. observation, 


ee 


Completed 


Lithology Construction 


Comments 
Date of Completion 
Type of Intake 


March 1979 
Well screen 


SANDSTONE: soft to hard sandstone}: 
often clayey and 
bentonitic. 


Borehole terminated at 61.0m in 
sandstone. 
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HYDROGEOLOGIC LOG 


Projectaas...-.- TABER IRRIGATION RETURN FLOW Reference elevation..737:4.... 
Type of drilling Rotary.......... ContractorAl.ta...£oxinonment... Surveyed Dx) 
se Oe alee Noggedaby,Qewet a) Ceunnen Reger ele 
Drillefluidas...! Watewe Checkedabyl = Date drilled July..5...1978....... 
Stratigraphic control and ground water. observations... ceeeeeeeeees 

Completed Comments 


Construction Date of Completion 


Type of Intake 


GRAVEL: gravel, occasional coal 
chips. 


SILTSTONE: gray siltstone, thin 
carbonaceous layers at 
10.4m, 17.1m and 19.5m. 
Thin coal seam at 18.9m. 


March 1979 
Well screen 


Borehole terminated at 30.5m in 
siltstone. 


Mite eMerent er ie ce ee be 
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Reference elevation ..773.4..... 


Surveyed [KX 
Elevation type: Altimeter CO 
From map (_) 


Date drilled. Jume..1980.......... 


Completed 


Construction Comments 


Date of Completion 
Type of Intake 


Lithology 


Ground Surface 
Sand and silt 


Eee. 

Olive becoming greyish-brown 

sandy clay till at 12.7 m. 

gravel layer at 17.4 to 17.9 m]¥Y 

and 21.3 to 21.9 nm. ) 

sand and gravel layer at 30.5 |: A June 1980 
to 31.4 m. Am | Well screen 


June 1980 
Well screen 


June 1980 
Well screen 


June 1980 
Well screen 
Borehole terminated at 34.1 m 
s6y| tablaQila 
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BOREHOLE No..1821 - E. 
HYDROGEOLOGIC LOG POgGee ier ole ies 
._ TABER IRRIGATION RETURN FLOW ooo ooo cee eeeeeeee Reference elevation ....774.2... 


Type of drilling ee hot arya Contractor ....Ali-Kind. _........ Surveyed (X) 

: ae Altimeter (J 
RidheecathinetalQ eee Uoggedi py. Ghee eee From map [J 
Drill fluid...Weter..2...2-= —, Checked by... Date drilled... Jume. 19.80......... 


Purpose of hole ...Stratigraphic correlation and piezometer.installetion .....000...00...c..ceee 


Completed Comments 
Construction Date of Completion 
Type of Intake 


Lithology 


Ground Surface 


Olive sandy-clay till 
sand lense at 3.4 m 
till becomes sandy till 
Me I} 474 Sal 


1980 
screen 


TLL 
greyish-brown till grading 
into blue-grey till. 
1980 
screen 


1980 
screen 


Borehole terminated at 28.0 m 
sey Gextalaly. 
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